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FILL SETTLEMENT IN PEAT MARSHES' 


By V. R. BURTON, Engineer on Special Assignments, Michigan State Highway Department 


HE MICHIGAN State Highway Department has 
ale just completed a special study of fill settlement 
in peat marshes as a part of the general soil sur- 
vey it has undertaken. Settlement in peat marshes 
has caused serious trouble in many places, because it 
was unknown how much fill material would be required 
and even after the fill had been completed there was 
no assurance that it would maintain the original grade 
line. It was therefore desired to ascertain the physical 
characteristics of the peat and decide on the field data 
necessary to properly locate and estimate the cost of a 
road over a peat deposit. It was hoped that it would 
be possible to devise a method of construction more eco- 
nomical than that then in use, and to adopt better main- 
tenance methods to restore sunken fills and prevent fur- 
ther settlement. 

A brief description of peat deposits will be necessary 
if any adequate idea is to be had of what actually 
exists under the surface of a “‘sink hole.’’ Peat deposits 
are classified and mapped stratigraphically in essent- 
ially the same way as mineral upland soils. For 
general peat studies, peat materials have been described 
by layers in terms of composition, texture, structure, 
and color. This gives a fairly good idea of the main 
differences between separate peat layers and localizes 
their relative positions. 


VARYING CHARACTERISTICS OF PEAT LAYERS AID STUDY OF FILL 
SETTLEMENT 


The classification of peat strata was made in accord- 
ance with the system largely developed in this country 
by Dr. Alfred P. Dachnowski, of the Bureau of Plant 
Industry, United States Department of Agriculture, 
and he personally supervised a number of surveys. 
The following description of peat deposits is taken from 
an article on the ‘Stratigraphic Study of Peat 
Deposits”? by Doctor Dachnowski. ‘Distinction 
should early be made between muck and peat. Muck 
is the thin surface layer of disintegrated peat and is 
entirely different in appearance and properties to the 
relatively unaltered peat below it. This distinction 
is made because many engineers use the terms inter- 
changeably with no knowledge that there is a difference 
in the two.” 

Table 1 is from the article just referred to, and gives 
the classification of characteristic peat layering. 

Pulpy peat is formed in water basins under conditions 
of poor drainage from transported organic sediment 
carried from its origin and redistributed by water 


currents. There are no visible bedding planes although 
the original sediment was laid down in practically 
horizontal position under conditions differing by rate 
of deposition, seasonal changes, etc. The plant re- 
mains are small in size. In texture the peats vary from 
coarse to very finely divided particles, while in structure 
a layer may vary widely in its degree of compaction. 
Fresh from the deposit and while still moist the colors 
vary from gray, green, and brown to black. 





DRAINAGE DitcH THrouGcH Peat Boa 


As with most peats, the pulpy variety quickly loses 
its character by oxidation on exposure to the air and 
drying. It shrinks enormously and becomes a hard, 
water-resisting substance when quickly dried out. It 
will not then absorb anything like the original quantity 
of water. Doctor Dachnowski states that “it may be 
accepted as an axiom that undrained deposits of peat 
contain from about 70 to 95 per cent of water.” 

The outstanding characteristic of fibrous layers of 
peat is their matted or felt-like, porous nature which 
has its origin in the slightly altered remains of moss, 
roots, rootlets, and rhizomes of herbs. The peat layers 
differ widely in character. Their water content is 
enormously high, the solid matter commonly composing 
only from 5 to 15 per cent of the peat mass. In texture 
they vary from coarse to very finely fibered material 
usually presenting a rather loose, porous appearance, 
with colors ranging from gray through yellow to red 
brown and dark brown. The layer may be interbedded 
or it may grade into a layer of woody of pulpy peat by 
admixture or 1t may occur in overlapping beds of other 
kinds of fibrous peat. 


TABLE 1.—Structural units of peat deposits and some of their physical characteristics 


























rare set fag Types of peat Character of peat layers Color of peat layers Texture of peat layers Structure of peat layers 
ING STN oe Se ne (Oar BRIE Fs ae \Pulpy (sedimentary) -____- Olive green, brown to| Coarse to very finely | Compact, impervious, 
ae Saale black, divided. stiff, plastic or loose, 
Reed friable. 
FS EO DE er PEAS | 7 
Marsh....------------------- {sees Sihees as eaeeehe ype Fibrous. -__- Sok, ae Seed pall Gray, red or yellow brown | Coarse to fine fibered_____. Dense, matted, felty, or 
wes ern me ss to dark brown. porous, spongy. 
Bog ---.--------------------- tn sek eo hase 
Willow-alder shrub_ -_--_--_- r 2 . 
; WOO Vicwee, <8 Sane Dark brown to blackish | Coarsely fragmented to | Compact and granular, or 
Swamp....-..--------------- {Peciduous raphe eee Le brown. granular. loose, wicker-like. : 
‘oniferous forest._...-.--- | 





1 Paper presented at the fifth annual meeting of the Highway Research CounciJ, Washington D. C., December, 1926. 


2 Soil Science, vol. 17, No. 2 February, 1924. 
80228—27 
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Woody peat may occur either as the dominant com- 
ponent or as a prominent admixture in other types. 
The woody plant remains are broken down partly into 
eranular débris and partly into irregularly shaped 
woody fragments, which are almost unaltered by decom- 
position. The woody peats differ widely in composition 
and character. They may be as finely divided as 
sawdust or as coarse as a tangle of waterlogged brush 
and logs. Several layers may be found as, like the 
fibrous peats, they are developed on moist flat land 
under conditions of a rising or fluctuating water table. 
Land may grow up to forest, be submerged to form a 
marsh, and then emerge again to become a forest. 
In one peat deposit examined on this survey three 
distinct forest layers were plainly visible. 

Marly phases of peat are formed from calcareous 
plant remains and shells of mollusks and are usually 
found admixed in the macerated types of peat. Exten- 
sive deposits of marl with peat occur mainly in regions 
underlain by limestone rock or where the soil adjacent 
to and underneath a peat area is derived from lime- 
stone drift. Deposits vary in color from gray to brown 
and are usually soft plastic masses with particles from 
fine to comparatively coarse, depending on the amount 
and character of plant or shell remains present. 

The lake clay found at the bottom of most deep peat 
deposits is structureless, mainly siliceous material from 
plant and animal remains consisting of diatomaceous 
shells and drift débris. It is gray to gray blue in color, 
fairly compact, but with a high percentage of water in 
it and is quite plastic and sticky. It is, however, a 
much more compact and weighty material than any 
of the peats or marls. 

In carrying out the study of fill settlement it was 
decided to cross section marshes accurately by borings, 
which would show the various peat layerings and the 
exact position of the filled material with reference to 
them. Samples of the various classes of peat were to 
be collected and sent to the laboratory for physical 
tests in an effort to discover some relationship between 
their bearing power and the known settlement for 
various water contents. If a large number of existing 
fills were thus examined, it seemed logical that general 
conclusions might be drawn to serve as a guide on 
future work. 


FILL SETTLEMENT NOT AFFECTED BY CHARACTER OF PEAT 


Fills over eight different peat deposits were cross 
sectioned at 83 different points where the depth of the 
peat ranged from 1 to 66 feet. The shape of the fill 
material was accurately determined with a 2-inch 
Empire drill. Cores from the peat were taken with 
the Davis peat sampler where possible, but if the peat 
was compacted beyond a certain amount the Empire 
drill and jet was used. Enough test holes were put 
down on the cross section chosen to show the fill shape 
fairly accurately and an effort was made to extend the 
cross section in both directions from the fill sufficiently 
far to get out of the zone where the layers were dis- 
turbed by filling. In a few cases it later became 
evident that the test holes at the extremities of the 
cross section were not placed far enough from the 
center line. 

Samples of the different peat layers were collected at 
various depths and sent to the laboratory for physical 
tests. Results were very disappointing in this regard. 
It was impossible to maintain the peat in its original 
condition on exposure to the air. Peat as it comes 
from the ground is only partially oxidized and at the 





greater depths there is actually some reducing action. 
Consequently, immediately it is handled in air, oxida- 
tion begins and if it is attempted to dry it, a totally 
different material results. Laboratory bearing value 
tests were not satisfactory. It is certain that the 
amount of compression under loading in a vessel such 
as is used in the standard bearing value test which 
does not permit of a free displacement in all directions 
will not give results at all indicative of the behavior of 
the same material in its natural place. 

The only way, then, to secure the solution of the 
various problems involved in this study was by a care- 
ful study of the cross sections showing the fill shape and 
the peat layerings in the disturbed position after filling. 
An effort was made to reconstruct the position of the 
layering as it originally existed from the position of 
the layers outside the distorted area of the cross section. 
A study of the fill cross section and the distortion of 
the original layers as reconstructed led to the con- 
clusions drawn from these effects. 

The various factors which it was thought should 
determine the amount of settlement were depth and 
character of peat layering, height of the water table, 
slope of the mineral subsoil beneath the peat, height 
and width of fill, The weight and character of the 
fill material would also be a factor but the difference 
in weight of the materials studied was so small as to be 
neglected. All fills in this investigation were earth and 
varied from a clay to sand. No rock fills were studied. 

So far as could be determined the character of the 
peat layering is very slightly responsible for differences 
in fill settlement. There is, to be sure, a decided differ- 
ence between the top layer of peat a foot or two in 
depth where the material is fairly well decomposed, 
but this is due more to a smaller water content than in 
the actual character of the material itself. The lake 
clay which occurs in the bottom of most of our deeper 
peat deposits is enough different in character to make 
it necessary to consider its effect separately. It is 
also probable that if any considerable thickness of 
pure marl with a heavy texture were encountered it 
should be grouped with the clay or given separate 
treatment. As it happened in this investigation no 
very great amounts of marl were found except as they 
occurred as a peat admixture. <A soft soupy marl 
should probably be classed as peat in considering its 
effect on fill settlement. The preliminary work of 
sounding a peat bog preparatory to estimating fill 
settlement is thus considerably simplified for the 
engineer, as where a uniform marl is absent, only two 
layers, the peat and lake clay, need be considered. 
No differentiation of peat layering is necessary for 
estimating fill settlement. 


DEPTH OF PEAT AND LAKE CLAY THE MOST IMPORTANT FACTORS 


If there were any great variation in the height of the 
water table compared to the depth of the deposit, this 
factor should certainly show its effect. It so happened 
that the road ditches were about the same depth 
through all of the shallow peat deposits studied and in 
the deposits of greater depth the depth of the ditch 
was very small in comparison to the total depth of the 
peat. The water table in most cases varied from 1 to 
3 feet below the fill surface. The varying height of 
water table, which was to a certain extent dependent 
on the time of year as well as on the particular situation 
of the cross section, was not taken into account. Some 
inconsistencies in the shallower depths are probably due 
to the neglect of this factor. 
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The height of the fill above marsh surface is of course 
a factor, although not so great a one in the case of 
loading over a wide area as one would expect. In peat 
depths of less than 10 feet the settlement is small and 
is affected by factors other than height of fill and 
results are inconsistent. The height of fill produces a 


marked effect in medium depths of peat of from 10 to. 


25 feet. In depths beyond 25 feet the total depth of 
fill is so great in proportion to the height above marsh 
surface that the amount of this additional loading is 
not important. The above refers to completed fills 
studied and not to new construction methods in which 
the height of fill placed in the early stages is of consid- 
erable importance. 

The slope of the mineral subsoil produces a marked 
effect on settlement and the bottom of the fill nearly 
always takes the same direction of slope as the marsh 
bottom. This is due to two reasons; first, the flow of 
peat beneath the fill is aided by gravity, and, second, 
the greater depth of peat down slope induces greater 
settlement. Most of the inconsistencies in amount of 
settlement from the determined normal occur above 
sharp slopes in the mineral subsoil. The amounts 
varied so much, however, that no general law could be 
observed. It is safe to say that in general if the mineral 
subsoil does slope quite sharply, the normal amount of 
settlement will be increased. 

One very important factor met in special cases is the 
effect on fill settlement of the peat compression by 
neighboring fills. The compressed peat is much more 
resistant to flow than is the uncompressed peat, and 
hence flow on the side adjacent to an old fill is very 
much smaller than on the free side. 

The factors of greatest importance and the ones least 
difficult of determination are simply the depth of the 
peat layer and the depth of the lake clay beneath it. 
Other factors undoubtedly have their influence but the 
depths alone, so far as could be determined from the 
information available, directly determine the amount 
of settlement which will occur. No other factors 
operated with the consistency or effect of these. 

Let us consider what happens when a fill is placed 
over a peat deposit. The top crust is first subjected to 
compression beneath the interior of the fill and to 
shear and tension at the edge. The communication of 
this compression to the interior of the peat is opposed 
by the resistance to flow of the peat or its internal 
friction. On account of the inertia of the peat particles, 
water is squeezed out of the material nearest the fill 
and the material is compacted, and this process extends 
with continually decreasing effect as distance from the 
fill increases until at some distance the peat is practi- 
cally undisturbed. 

Lateral flow of peat begins at an early stage in the 
placing of a fill and is due to the horizontal component 
of pressure due to the internal friction of the material 
and also to the inclined position of the settling load. 
Peat is forced outward and upward, until in the course 
of time a condition of equilibrium is reached. 

It is easily understood, then, that the width of fill 
is a function of the amount of settlement which takes 
place. The fills in this investigation do not vary 
ereatly in width, viz, from 24 to 30 feet, and so no 
account is taken of this factor. It is important, 
however, in considering the cause of the greater settle- 
ment in deeper deposits. 

When deposits are relatively deep in proportion to 
their width, considerable vertical movement can take 


place before any marked reaction is experienced from 
the mineral subsoil below. In this case, lateral flow 
is comparatively small at first and a large amount of 
settlement is possible before there is much resistance; 
the elastic crust ruptures in tension and shear and the 
whole weight of the fill is suddenly thrown on the 
soft material below. This sudden application of 
weight very quickly compacts the peat below to a 
degree at which lateral flow begins in a considerable 
amount and we have a “‘sink hole.’’ <A portion of the 
peat flowing from beneath the load of earth is forced 
up at the sides. Due to the lighter weight of the peat 
as compared to the fill material, a correspondingly 
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larger amount of peat must be raised to balance the 
heavier fill. Subsequent loading increases this heaving 
until the weight of the heaved peat brings about a 
condition of equilibrium. 


SLOPE OF SOIL BENEATH PEAT BED AFFECTS FILL SHAPE 


In the later stages of fill settlement the rate of settle- 
ment is very slow, but even a rate of a foot a year is 
decidedly objectionable. The rate progressively de- 
creases until finally, after a long time, equilibrium is 
established. The length of time required to reach a 
stable condition in some cases is known to have been 
more than five years. We have arbitrarily established 
the rate of five-hundredths of a foot in 30 days as being 
the rate of settlement at which filling may be stopped. 
Since the rate will usually decrease progressively, 
this should give a settlement of less than 6 inches per 
year. 

Unfortunately, at times, if the early settlement is 
not rapid,.some later cause may accelerate the rate of 
settlement. Fills completed in the fall under earlier 
methods were quite apt to settle rapidly the following 
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spring. The vibration of traffic also tends to increase 
the rate of settlement after a road is first opened. 
Large ditches cut along an old road are quite apt to 
start considerable settlement. As a matter of fact, 
unless settlement during filling has been accelerated 
in order to insure its completeness, some subsidence 
is almost sure to take place later. 

A number of cross sections illustrating the various 
shapes taken by fills under different conditions are 
shown. Figure 1 shows a fill of normal cross section 
in a peat marsh about 22 feet deep from surface to 
clay. The theoretical shape of fill is shown by the 
dashed line and is obtained by a method described later. 
This deposit is of nearly equal depth on both sides of the 
fill and therefore the shape of fill is quite regular. 

Figure 2 shows a fill which is partly on upland soil 
and partly over peat marsh. It will be noticed that 
the mineral subsoil slopes sharply toward the peat 
deposit and for this reason the proportion of the fill 
beneath the surface of the peat is considerably increased 
above that shown on the normal cross section. It 
will also be noticed that on account of the flow of the 
material only a very small amount of the peat remains 
under the fill, and that the layers to the right of the 
fill are considerably thickened by reason of their flow 
from beneath the fill and subsequent expansion due 
to the decrease of pressure. 

Figure 3 shows a fill which is still settling into the 
peat marsh at a rapid rate. The slope of the bottom 
of the fill is quite noticeably parallel to the slope of the 
mineral subsoil beneath the light clay and most of the 
distortion of the peat layers has occurred on the low 
side of this mineral subsoil. It is quite evident that 
even with this considerable depth of peat beneath the 
fill, pressure is communicated throughout the entire 
mass. 

The effect of the slope of the mineral subsoil upon 
the direction of pressure is still more marked in Figure 
4, where it will be noticed that, except immediately 
adjacent to the fill, practically all of the disturbance of 
the peat has taken place to the left of the center line, 
indicating that flow has largely occurred in this direc- 
tion. 

Figure 5 shows a fill which was placed adjacent to a 
railroad fill at the right, but not shown in the figure. 
In this instance it will be noted that the compacted 
peat to the right of the center line reduced the amount 
of fill necessary in a material manner. <A very con- 
siderable amount of distortion of the layers is shown 
on the left of the figure. In this instance the peat is 
heaved above the normal level of the marsh some 10 or 
12 feet and slopes away from the crest of the heaved 
material in a fairly uniform manner. 

Figure 6 shows the deepest cross section encountered 
in this investigation, a fill with a depth of about 66 
feet. The marsh, over which this fill was made, lies 
between two fairly large lakes, which are at present 
connected by a small stream. It is quite evident that 
the location of the highway in this particular instance 
was very unfortunate in that the center line of the 
highway at the cross section shown is practically on 
the center line of the old glacial drainage channel be- 
tween the lakes in the early stage of their formation. 
A location of center line 30 feet to the right of its pres- 
ent location, which would have been possible, would 
have eliminated about 25 feet of fill. The entire 
amount of the lake clay which probably nearly filled 
the old channel, has been forced to one side by the load 


of fill above it. The irregular shape of the cross sec- 
tion on the right is probably due to filling a hole left 
by the peat heaving 8 or 10 feet at the side during 
construction. 


METHOD OF PREDICTING FILL SETTLEMENT AND SHAPE 
DEVELOPED 

From the whole series of cross sections of the char- 
acter of those illustrated, most of which, however, are 
considerably more regular, diagrams giving the amount 
of settlement and shape of fill have been prepared. 
Depths of peat and marl on center line of fill were 
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Fic. 3.—SHAPE OF FILL IN PEAT CONSIDERABLY AFFECTED BY 
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Fig. 4—Distortion or Peat Fiut to tHe Lerr DUE TO SLOPE 
OF Firm Soi, BENEATH PEAT BED 


platted against the total depth to which the fill pene- 
trated the peat and marl as measured from the original 
marsh surface. Three curves were then drawn, one 
representing the average of fills with a height above 
marsh level of 1 to 3 feet, one for 3 to 4 foot fills, and 
the third for fills from 4 to 5 feet in height. These 
three curves, shown in Figure 7, indicate that the 
amount of settlement increases uniformly but is not 
great up to a marsh depth of 20 feet. As the marsh 
depth increases from 20 to 26.5 feet the settlement in- 
creases rapidly and when the depth exceeds 26.5 feet 
the fill goes completely through the peat in every in- 
stance, so that the penetration is equal to the depth 
and the three curves become common and make a 
straight line with a slope of 45°. Therefore, for peat 
and marl depths of less than 26.5 feet the depth of 
lake clay need not be taken into account, except as a 
factor should settlement be different from the average, 
and anticipated settlement is read directly from the 
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diagram. For depths of peat and marl over 26.5 feet 
the settlement will probably be the full depth of the 
deposit plus some penetration into the lake clay. The 
amount of penetration into the latter material is read 
directly from the curve marked lake clay, which has 
been plotted, using the combined depth of peat and 
clay as abscissas. 

Suppose we have a peat marsh consisting of 30 feet of 
peat and marl and 5 feet of lake clay. The peat curve 
gives us complete penetration of the full 30 feet of peat 
and from the 35 feet total depth of the marsh deposit we 
read off from the clay curve 2 feet for clay penetration. 
There will then be a distance from bottom of fill to marsh 
surface of 32 feet. Again, if we had a peat deposit consist- 
ing of 38 feet of peat and 2 feet of lake clay we should 
get 38 feet of peat penetration plus 4 feet of clay pene- 
tration. The total, 42 feet, exceeds our total depth of 
deposit and the fill therefore stops at the marsh bottom 
with a 40-foot penetration. This last case is not com- 
mon except in the very deep deposits, of 50 feet or more. 
It will usually be found that in marshes of such extreme 
depth with ordinary proportions of peat and lake clay, 
the fill goes to the very bottom. 

No claim of scientific reason is made for the shape of 
the curves shown in Figure 7. They are purely empir- 
ical and represent merely the average behavior of a con- 
siderable number of fills. Extreme variations of actual 
from expected settlements as derived by this method 
have been found to be as much as 100 per cent for an 
indicated settlement of 5 feet, 60 per cent for 10 feet, 30 
per cent for 20 feet, 20 per cent for 25 feet, 10 per cent 
for 30 feet, and less for greater amounts. Generally 
accuracy of the method is well within these limits. 

The method of estimating fill quantities is illustrated 
by Figure 8. The typical shape shown was arrived at 
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Fria. 6—An Unusvuatity Derr Fitt. Sounpinas WouLp HAvE 
INDICATED TH1Is CONDITION AND PERMITTED Morr ADVAN- 
TAGEOUS LOCATION 





by drawing on cross-section paper all cross sections of 
equal depth, superimposed on each other, with the 
marsh level as a base line, and then fitting an average 
shape to them. A side slope of embankment above 
marsh level of 1 to 3 feet was used, since most of the 
fills studied had this slope. The fills quite generally 
slope inward from the outermost point of the embank- 
ment to a point directly beneath the shoulder line. 
The total area of fill is composed of two trapezoids and 
can be calculated by the following formula, the sym- 
bols representing distances as indicated in Figure 8. 


Area=(W+3F) (F+ 8) 
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Fic. 7.—DiIaGraM GIVING PROBABLE DeEptTH OF PENETRATION 
oF Finus IN Peat MaArRsHES 


In each case H must be determined by use of the 
curves shown in Figure 7. In Figure 8 the bottom of 
the predicted shape of fill is shown as a horizontal line 
and this was very nearly the case in most instances, the 
center of fill being only slightly lower than the outside. 
The depth of penetration, as indicated by Figure 7, 
takes account of these variations and gives the average 
depth to the bottom of the fill. 


FILL SETTLEMENT SHOULD BE ACCELERATED 


It may be surprising to note that the slope of the fill 
sides beneath the surface of the peat is toward the 
center of the road, but, with a little consideration, the 
reason for this is quite apparent. In the first place, the 
fill load as placed varies from zero at the toe of slope to 
its maximum at the shoulder line, and hence should pro- 
duce a fill shape corresponding to this loading. Also, 
in a good many instances the fill has been carried across 
the marsh at less than full width while heavy settlement 
was taking place, and this produced a narrower fill at 
the bottom. Undoubtedly the drag of the compacted 
peat at the side also tends to narrow the fill width as it 
sinks. This is indicated by the fact that the center is 
quite generally lower than the rest of the cross section. 

One of the striking features of this investigation was 
the irregularity shown in the topography of the marsh 
bottoms. Ina number of instances a slight shift in line 
would have saved thousands of yards of earth in filling. 
It is therefore necessary when the location of the road 
requires the crossing of a peat marsh to map the topo- 
graphical features of the marsh bottom quite accurately. 
This is more important than on upland soil because 
visual inspection of the proper location can not be made 
but must be determined by the topographical infor- 
mation secured from sounding. 
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In places where there is any considerable depth of 
peat it is highly necessary that settlement during filling 
be encouraged in every way possible. This settlement 
is bound to take place sooner or later, and it is impor- 
tant that it be practically complete before any rigid 
surfacing is placed. Construction of brush mats to float 
the fill 1s not advisable in the case of highway work 
where hard-surface pavement is to be placed. These 
mats only delay settlement and do not stop it. This 
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Fie. 8.—D1acram ILLUSTRATING TYPICAL SHAPE OF PEAT FILLS 
FOR Use IN EsTIMATING EARTHWORK QUANTITIES 


is contrary to the practice of some railroads, but in 
railroad work it is a simple matter to add ballast and 
bring the track back to grade as settlement progresses 
without interrupting traffic. In case of any consid- 
erable settlement on a hard-surfaced highway, the sub- 
grade must be refilled and a new surface placed. This 
alw rays involves more or less interruption to traffic 
besides the greater expense of placing the new surface. 

The length of the bog should be considered in choos- 
ing a method of filling. Settlement over short bogs, 
even in small amounts, is much more objectionable 
than on longer stretches because of the sharper deflec- 
tion of the settled surface, and the liability to offsetting 
of the pavement slabs. ‘A long gradual settlement of 
considerably greater amounts is not so noticeable either 
to the eye or in the riding qualities of the pavement. 
Of course, settlement over either long or short bogs is 
obj ectionable if the amount is great enough to interfere 
with the drainage. Settlement sufficient to cause 
trouble on this account is not likely to occur in marshes 
of less than 6 feet in depth. 


STANDARD METHODS OF FILLING DEVELOPED 


Figures 9 and 10 illustrate methods of filling over 
peat bogs now standard with the Michigan State 
Highway Department, one or another of w hich is used 
depending upon the length and depth of the bog to be 
crossed. Method No. 1 simply consists of placing the 
fill on the peat surface and is used where the marsh is 
less than 6 feet deep, more than 300 feet wide and 
undrained. The bog is long enough so that, if settle- 
ment should take place, it would be rather gradual, 


and the 24-inch height of fill above the original marsh 
will usually absorb this settlement without bringing 
the top of fill too close to the marsh surface. 

Method No. 2 is used in drained peat marshes up to 
6 feet in depth and over 300 feet in width. It is similar 
to method No. 1 except that the marsh drainage ditch 
goes entirely through the peat deposit. The ditch is 
excavated prior to the placing of the fill. This type of 
construction results in a much drier subgrade, and the 
lowered water table helps to prevent considerable 
settlement. This scheme should be used where con- 
ditions of the marsh drainage system require the use of 
ditches of considerable size. 

Where bogs are less than 300 feet in width, and not 
more than 6 feet in depth, and even small settlement 
is undesirable, method No. 3 is used. This method 
requires that all the peat to a width 4 feet greater 
than the proposed pavement slab be excavated to 
marsh bottom, and the excavation filled with good 
earth. This method is not so expensive as it would 
seem, because the peat is very easy to move and can 
usually be disposed of with a very short haul. Peat 
excavation of this type is not practical for depths 
greater than 6 to 8 feet on account of the large amounts 
of peat which slide into the hole from the sides. 

The above methods are not suitable for bogs much 
in excess of 6 feet in depth. In the deeper deposits 
settlement is almost sure to take place and should be 
aided while the fill is being placed. Method No. 4 in 
Figure 10 illustrates a Michigan practice in deposits 
over 6 and less than 20 feet in depth. In the first 
stages, two narrow fills, spaced 16 feet on centers, are 
carried across the marsh. 
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The supporting power of the peat crust is destroyed 
by blasting on the center line of each of the fills. The 
trenches thus made are backfilled with earth in 4-foot 
lifts and carried simultaneously across the marsh, 
trapping a certain amount of peat between the two 
fills. When the first two lines of embankment are 
complete and settlement has slowed up to a consider- 
able extent, charges of dynamite are placed in the peat 
on 4-foot centers, from 2 to 3 feet below the bottom 
and on the center line of each embankment, and 
exploded. This second blasting drives the peat from 
beneath the wedges of earth and induces further 
rapid settlement. After refilling the settlement caused 
by the shooting, the second loading of earth is added 
in a 4-foot lift on the center line of the road. This 
second loading helps drive the wedges of earth still 
farther into the peat and insures a maximum com- 
paction in the center so as to eliminate the possibility 
of center settlement resulting from the method used 
in the first loading. This loading is maintained by 
refilling the settlement until the rate of settlement is less 
than five-hundredths of 1 foot in 30 days. The 
excess earth is then spread to form the complete 
embankment. 

Bogs from 6 to 20 feet in depth usually give more 
trouble than any others, because they rarely settle 
rapidly, unless excessively loaded, and surfaces are 
laid on fills long before complete settlement has been 
attained. It is much more difficult, in bogs of these 
depths, to secure complete settlement due to the 
early resistance of the peat to compaction; and it is 
for this reason that the two narrow wedges of earth 
are used, the effort being to secure as deep a pene- 
tration as possible. The final loading under this 
scheme gives a static load which is nearly twice the 
normal load, and it is felt that little danger of further 
serious settlement need be feared. To insure the 
acceleration of settlement, it is required to maintain 
the grade to within 1 foot of the designed elevation 
at all times. 

In long marshes, in order to avoid long backing by 
trucks in end dumping, provision is made for shooting 
part of the fill at a time. It is believed, however, 
that at least a hundred feet of fill should be held for 
settling at all times before any shooting is done. 

For depths of peat over 20 feet, the center loading 
is used at once after the surface of the peat has been 
broken up by dynamite. A fill 12 feet wide at the 
top and 4 feet high is carried across on the center line. 
This fill is maintained at grade as nearly as possible 
until it is entirely across the space over which this 
method is to be used. As soon as it can be main- 
tained at grade entirely across the marsh, a second 
4-foot lift is made without any preliminary shooting. 
It is felt that with a fill width of this amount, dynamite 
would not displace the peat sufficiently to justify its 
use. In addition to this, the greater depth of the 
marsh makes settlement so much easier that the load- 
ing alone produces sufficient settlement. After the 
settlement has slowed down to arate of five-hundredths 
of 1 foot in 30 days, the fill is unloaded and the excess 
material spread to form the remainder of the cross 
section. The compressed peat on both sides of the 
narrow fill will usually support the additional width 
with little settlement. 

Any combinations of these methods may be used in 
crossing peat marshes of considerable length, suiting 
the method to the depth and width. The first require- 
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ment in all marsh filling where pavement is to be 
placed is to insure settlement, and not attempt to 
avoid it. Unless the fill has become stabilized, this 
settlement may occur over long periods and the former 
practice of attempting to “sneak across” with light 
loadings has been responsible for a great deal of main- 
tenance expense in locations of this character. The 
proper time to take care of this settlement is during 
construction, as it is extremely difficult to maintain 
in a satisfactory way a surface which is continually 
settling. 
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FILL CONSTRUCTION SHOULD PRECEDE BRIDGE CONSTRUCTION 


If any bridges are to be placed over streams through 
deep peat deposits, the approaches should always be 
completed first. Filling should continue toward the 
center of the stream so that excavation for footings 
will occur in the filled earth. In some cases, where 
streams are small, it will be found advisable to carry 
this filling completely across the old stream bed. The 
expense of later cleaning out the earth above stream 
bottom and taking care of the stream flow during 
filling is money well spent. 

The above may seem ridiculously obvious to many 
engineers, but the frequency with which bridge failures 
have occurred during the past because of ignorance of 
the troubles which may arise through neglect of this 
item justifies it. When a bridge rests on piling with 
lengths of over 10 feet penetrating soft peat before 

(Continued on page 247) 


DETERMINATION OF CONSISTENCY OF SOILS BY MEANS 
OF PENETRATION TESTS 


Reported by Dr. CHARLES TERZAGHI, Massachusetts Institute of Technology, Research Consultant to the Bureau of Public Roads 


either sink into the ground to a depth of more 

than an inch, the soil being squeezed out later- 
ally under pressure or the foot may leave hardly 
any impression with many intermediate possibilities. 
Judging from the effect of the pressure exerted by the 
foot, we say, that one soil is less consistent than the 
other. 

The effect of the pressure exerted by the foot is ob- 
viously connected with what is known as the bearing 
capacity of the soil. Since, in addition, it is connected 
with what is commonly called the consistency, both 
engineers and geologists have attempted to establish 
some scale for expressing the consistency of soils for 
practical purposes. The basic idea is this: First to 
devise some simple standard test, whose outcome de- 
pends on the consistency of the material and then to 
correlate the consistency coefficient obtained by means 
of such a standard consistency test with the bearing 
capacity of the soil. This plan seemed to be partic- 
ularly promising in all those cases, where the penetra- 
tion of the loaded area is due merely to a lateral flow of 
the soil—e. g., penetration of a loaded area into soft 
fat clay. 

The possibility of expressmg the bearing properties 
of a soil by a consistency coefficient would certainly rep- 
resent an ideal solution of an important problem. The 
purpose of this paper is to discuss related attempts 
and their chances for success. 


Wren walking over the ground, one’s foot may 


YVERMS DEFINED 


The term consistency is by no means physically as 
clearly defined as are the terms viscosity or hardness. 
As it is commonly used, the term consistency means the 
resistance of a material to flow, yet resistance to flow 
is in itself a rather complex property. Suppose we 
have a mass of paraffin and a mass of soft clay, both 
with a plane, horizontal upper surface. Then we 
select a weight, which, if placed on top of the clay, is 
heavy enough to produce a marked impression with- 
out completely sinking into the material. If we take 
another weight, exactly alike and put it on the surface 
of the paraffin, we will notice that the impression pro- 
duced by the weight is far less significant. Yet, if we 
observe the two weights during a sufficiently long 
period, we will notice that the speed with which the 
weight penetrates the clay rapidly decreases and after 
a certain time its downward movement stops com- 
pletely. If the weight is carefully removed and again 
applied, the increase in penetration. will be exceed- 
ingly small. On the other hand the speed with which 
the weight penetrates the paraffin remains fairly con- 
stant, although it is very small, even at the beginning. 
As a consequence, after a certain length of time the 
penetration of the weight into the paraffin may con- 
siderably exceed the penetration produced in the clay, 
although the initial penetration was very much smaller. 
If the weight is removed and again applied, the pene- 
tration will continue to increase about at the same rate 
as it did at the beginning of the process. The question 
arises: Which one of these two materials is the more 
consistent? 
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After a short period of time, the depth of penetration 
in paraffin will be very much smaller than in clay. 
After asufficiently long period the opposite will be true. 
In order to understand this apparent contradiction, we 
must consider the following facts: The speed with 
which the weight penetrates the material depends on 
viscosity, a property common to both solids and liquids. 
If a material has only viscosity, it has no static bearing 
capacity, though in every other respect it. may exhibit 
all the properties of a solid body—e. g., sealing wax or 
paraffin. It flows under any pressure, although it may 
flow very slowly. Certain other materials, as, for ex- 
ample, soft clay, have, compared with sealing wax, a 
rather low viscosity, which means that the soft clay is 
very much more fluid than is the paraffin. Yet in con- 
trast to the sealing wax, under very low pressures the 
clay does not flow at all. In order to start the flow, the 
pressure must exceed a certain limiting value, known 
as the yield point. The yield point represents the ulti- 
mate bearing capacity of the clay. Although the soft 
clay is much more fluid and much less viscous than the 
paraffin, yet its yield point is very much higher. For 
this and similar reasons, the consistency of a material 
can not possibly be expressed by a single figure. It 
must be represented by a graph. 

However, when dealing with subgrades we are merely 
interested in what the subgrade can stand without the 
deformation going on indefinitely. Hence, if we use 
the term consistency in connection with foundation 
problems at all we should confine it strictly to the max- 
imum pressure under which the material is still apt to 
to come to equilibrium, that means to the yield point. 
This statement determined the fundamental require- 
ment for standard consistency tests for subgrade or 
foundation purposes. The figures furnished by the 
tests should be in a constant and well-defined relation 
to the yield point of the material. At the same time it 
should be kept in mind that such figures inform us 
about one phase only of what the physicists call the 
consistency. The other phase of this property, viz, 
the behavior of the material in the state of continuous 
flow, under a pressure above the yield point, may be 
interesting from a scientific point of view, but it has no 
bearing on our foundation problems. 

It is obvious, that the yield point, that means the 
maximum pressure per unit of area under which the 
material is still apt to come to a state of equilibrium, 
depends on its state of confinement and on the way in 
which the pressure acts. Thus, for instance, the yield 
point of a thin layer of soft clay inclosed between a 
hard road surface and a more consistent under-ground 
is very much higher than the yield point of the same 
material if only loaded over an area of several square 
inches or if tested in an unconfined state. Yet these 
conditions are a matter of detail and will be considered 
later. The essential point merely resides in the possibil- 
ity of an ultimate state of equilibrium under a locally 
applied pressure which, in the case of sealing wax or 
paraffin, does not exist. 

The most logical procedure for rapidly evaluating 
the yield point of a material seems to be that of loading 
the surface of the material with a cone of standard 
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weight. The deeper the cone penetrates into the ma- 
terial the smaller becomes the pressure per unit of sur- 
face of contact between the cone and the material. 
Hence the depth at which the cone refuses to penetrate 
farther into the material can be used as a scale for ex- 
pressing the resistance of the material to penetration. 
Due to the apparent efficiency of the procedure, the 
idea of using 1t was independently conceived by inves- 
tigators working in different parts of the world; by the 
Swedish Railroad Commission for the investigation of 
earth-slides, operating during the years 1914-1922; by 
the writer in Constantinople in 1923; by Dr. E. M. 
Kindle in Ottawa, Canada (1925), and quite recently 
by the committee for the standardization of loading 
tests of the Austrian Society of Civil Engineers. 

The following paragraphs contain a brief description 
of some of the experimental facts brought out by these 
tests. 


TESTS OF THE SWEDISH RAILROAD COMMISSION ! 


For testing the consistency of drill samples the 
Swedish Railroad Commission used cones with weights 
of 60 and 100 grams and with vertex angles of 60°. 
In addition to this, systematic investigations were 
carried out with cones having weights of 10, 30, 200, 
and 300 grams, and with points of 30° and 90°. The 
material was contained in a soil cup, with a diameter 
of 6 centimeters. Prior to the test a cone was fixed 
in such a position that the point just touched the sur- 
face of the material. The cone was released and allowed 
to freely penetrate the material and the measurement 
of the depth of penetration was made as soon as the 
cone came to rest. 

The depth of penetration of the 60-gram (or of the 
100-gram) cone served as a basis for computing the 
consistency factor of the material. The consistency 
factor is the weight of the cone required for producing 
a standard penetration of 4 millimeters. Determina- 
tion of the consistency factor was made by means of a 
diagram obtained in the following manner: 

Suppose we increase the water content of a sample 
of clay by adding water to it. As a result of this 
procedure both the softness of the clay and the depth 
of penetration of a cone with a standard weight of 60 
grams increases. Then let us plot a diagram, wherein 
the abscissas represent the softness of the clay and the 
ordinates the depth of penetration of cones. If we 
consider the depth of penetration of the standard cone 
with a weight of 60 grams as a scale for the softness of 
the clay, the penetration curve of the standard cone 
will be a straight line, passing through the origin and 
bisecting the angle between the two axes. In order to 
find the penetration curves for cones 1, 2, 3, etc., with 
a weight other than 60 grams, we take a sample with 
a defined water content, into which the standard cone 
penetrates to a depth of say ¢ millimeters, determine 
the depth of penetration t), t:, ts, ete., of the other cones, 
and plot all the values thus obtained on the same 
ordinate which corresponds to the depth of penetra- 
tion ft of the standard cone. By repeating the same 
procedure on samples into which the standard cone 
penetrates to a depth of t’, t’’, etc., we obtain a series 
of points, t, ti’, t)’’, etc., ft, %’, &’’, ete. These points 
determine the penetration curves for the cones 1, 2, 3, 
ete. From this graph one can easily derive another 
one, in which the abscissas represent the depth of 
penetration of the standard cone, whereas the ordinates 








1 Statens Jarnvigars Geotekniska Kommission 1914-1922, Stockholm, 1922. 
80228—27 2 





represent the weight of cone required to produce a 
standard penetration of 4 millimeters. Since it was 
agreed to call these weights consistency factors, the 
curves thus obtained are called the consistency curves. 
By means of the consistency curves, the consistency 
factor of any sample can be determined, provided the 
depth of penetration of the standard cone is known. 
Hence the reliability of the procedure depends essen- 
tially on the reliability of the consistency curves. 

The results of the investigations, which obviously 
involved a very considerable amount of time and labor, 
disclosed some facts which seriously affect the value of 
the method. It was found that the depth of penetra- 
tion of the standard cone into the undisturbed material 
was invariably smaller than the penetration of the cone 
into the same sample after the sample was remoulded, 
the water content and the density of the sample 
remaining unchanged. This means that the consis- 
tency of the material depends not only on the water 
content, but also on the history of the sample. Fur- 
thermore, the ratio between the consistency factor of 
the undisturbed and the disturbed sample was found 
to be very different for different materials. Hence no 
cohception of the consistency of a soil deposit can be 
derived except from tests performed on undisturbed 
samples. Finally it was found, that any consistency 
curve is valid for one definite family of soils only. 
Different soils have different consistency curves. 

An analysis of the last fact mentioned above led the 
writer to the following conclusions: If the depth of 
penetration of the standard cone depended on nothing 
but the hardness of the material, the consistency curves 
should be valid for all fine-grained soils, irrespective of 
their physical character. Hence the lack of universal 
validity of these curves indicates that the depth of 
penetration depends not only on the hardness but also 
on a foreign factor which has nothing to do with con- 
sistency. This other factor seems to reside in the 
friction between the soil and the sides of the cone, 
combined with purely viscous resistances acting while 
the material is flowing. 


YIELD POINT RELATED TO CUBE STRENGTH 


Before passing to the investigations of the writer, it 
seems advisable to insert a brief statement concerning 
the theory of plastic flow, this theory being essential to 
a clear understanding of the nature of the processes 
involved in the cone tests. The theory of plastic flow 
produced by local application of an external pressure 
has been worked out during the last few years by 
Karman, Prandtl, and Hencky.* From the investiga- 
tions of these authors, we know that the hardness of 
plastic materials (resistance against penetration of a 
solid body into the material) is a simple multiple of the 
cube strength of the material. In turn, by definition, 
the hardness of plastic materials corresponds to the 
yield point, because under a pressure greater than the 
hardness the material flows. Hence the yield point 
and the cube strength of plastic materials are connected 
with each other by a simple and well-defined relation. 
This theoretical conclusion has been repeatedly verified 
by experiment. Thus, according to theory, the resist- 
ance of a material against penetration of a body with 
a long, narrow cross section should be equal to 2.57 
times the cube strength of the material, regardless of 





27,. Prandtl, Uber die Hirte plastischer Kérper. Nachrichten von der K. Gesell- 
schaft der Wissenschaften zu Gottingen, Math. phys. Klasse, 1920, and lL. Prandtl, 
Anwendungsbeispiele zu einem Hencky’ schen Satz tiber das plastische Gleichge- 
wicht. Ztschr. flr angewandte Mathematik und Mechanik. Bd. 3, Heft 6, 1923. 
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whether the material is hard, like a metal, or as soft 
as putty. Tests performed with steel edges pressing 
against the plane surface of wrought iron showed that 
the ratio between resistance against penetration and 
cube strength was, for this particular case, equal to 
2.31, against the theoretical 2.57. 

Recognizing the importance of the relation between 
cube strength and consistency (hardness, resistance 
against penetration, yield point, etc.) the writer started 
in 1920 to develop a method for measuring the cube 
strength and the elasticity of very soft materials. The 
results furnished by the tests were intended to be used 
in estimating the bearing capacity of natural soil 
deposits. The test method proved to be successful. 
However, the time required for testing one sample 
amounted to at least two hours. In order to simplify 
the procedure, the writer started in 1923 to investigate 
whether or not it was possible to compute the compres- 
sive strength of any soft material from the penetration 
of a cone with a standard weight, dropping from a 
standard height, or from the penetration of a cone 
forced into the material by a static pressure. 

The investigations were carried out with a set of 
samples, extracted with drills from a mud deposit 
located at the Golden Horn in Constantinople, on sim- 
ilar sets of samples from drill holes through glacial 
clays in Detroit, Mich.® and on samples obtained from 
a soft deposit of glacial clay in Cambridge, Mass.* 
The samples were obtained by means of special samplers 
attached to the lower end of a set of rods. Whenever 
the ground encountered in the test boring seemed to 
change, the sampler was forced into the ground to 
a depth of 2 to 3 feet below the bottom of the drill hole. 
Then the sampler was withdrawn and detached from the 
rods. Finally both ends of the sampler were covered 
with paraffined cardboard and sealed by dipping each 
end three times into liquid paraffin, so as to keep the 
water content of the sample unchanged. 

Two types of apparatus were used for making the 
tests: a Vicat needle device in which the needle was 
replaced by a cone with a 90° point, having a standard 
weight of 112 grams, dropping freely from a standard 
height of 4 centimeters (apparatus A); and a lever 
device with an automatically sliding weight, acting 
on a cone with a 90° point, whose point, at the outset 
of each test, just touched the plane surface of the sam- 
ple (apparatus B). 

The investigations included the following types of 
tests: Penetration tests with both apparatus A and 
B on undisturbed samples (soil still contained in the 
sampler), on disturbed samples (soil taken out of the 
sampler and transferred to a cylindrical mould), and 
finally cube tests, performed for the purpose of finding 
out whether or not a definite relation exists between 
the cube strength of the materials and the figures fur- 
nished by the penetration method. 

Vigure 1 shows the results of tests obtained by means 
of apparatus A on remoulded samples from the mud 
deposits located at the shore of the Golden Horn in 
Constantinople. Since the material was very soft, it 
was transferred from the samplers into a cup with a 
depth of 114 inches and a diameter of 3 inches. The 
ordinates represent the cube strength of the samples, 
determined by unconfined compression tests. When 


’ Tests made by Metcalf & Eddy, consulting engineers, Boston, Mass., according 
to instructions furnished by the writer. 

‘ Tests by E. S. Sheiry, Massachusetts Institute of Technology, under the super- 
vision of the writer. 


selecting the abscissas for the diagram, the writer was 
guided by the following consideration: 
Let 
t be the penetration of the dropping cone in 
millimeters 
r the radius of the hole, punched by the cone 
q the cube strength of the material, and 
Q the force equivalent to the impact produced 
by the dropping cone. 
Since the vertex angle of the cone was equal to 90°, we 
have 
r=t 


and the vertical projection of the area over which the 
force Q acted was equal to 


ar? = rt? 
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According to the theory of plastic flow, the yield 
point is equal to : 


C19 
wherein ¢; is a constant for all plastic materials. The 
cone ceases to penetrate the material as soon as the 
pressure per unit of area becomes equal to the yield 


point. Hence, combining the aforementioned ‘rela- 
tions, we obtain 


or 
bs oy ” 1 
q= (2 a constant < 2 


If the formula is correct the relation between the cube 
strength and the quantity : should, in a diagram, be 
For this reason we have 
As a 


matter of fact, the points obtained by actual obser- 
vation are very nearly located on a straight line, which 
indicates that the cone test furnished fairly reliable 
values for the relative “consistency ”’ of these particular 
mud samples. 


represented by a straight line. 


plotted in the diagram the values as abscissas. 
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Figure 2 shows the results of similar tests performed 
on drill samples from the blue clay deposit located be- 
neath the Massachusetts Institute of Technology in 
Cambridge, Mass. The apparatus used for these tests 
was identical with the one used for the tests of Figure 1. 
The procedure was as follows: After removing the seals 
from the two ends of the sampler, a piston was forced 
into the sampler from one end, thus forcing about one- 
half inch of the material out of the tube. After remoy- 
ing the material projecting out of the tube, the surface 
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thus exposed was smoothed off by means of a straight- 
edge, and the cone was dropped in its center. This test 
furnished the depth of penetration in the ‘“undis- 
turbed”’ sample. Then an additional quantity of about 
1 cubic inch of clay was forced out of the sampler, and 
molded into a cylindrical mold with a height of 1 
inch. The cone test performed on the smooth top sur- 
face of this sample furnished the depth of penetration 
in the ‘‘disturbed”’ sample. 


RESULTS OF CONE TEST FOUND TO BE MISLEADING 


If the penetration of the cone depended on nothing 
but the yield point of the material, the points obtained 
from the tests should be located on the straight line 
determined in Figure 1 and shown also in Figure 2. 
Figure 2 shows, however, that this is by no means true. 
The points are scattered over the area in a rather erratic 
manner. In contrast to the Constantinople samples, 
the nature of the material of the Cambridge samples 
varied between rather wide limits. The observed facts 
suggested the following conclusions: The relation be- 
tween the yield point and the penetration of a freely 
dropping cone is very different according to the nature 
of the material. The results furnished by the test may 
be misleading, unless the test is used for estimating the 
relative consistency of materials with a very similar 
character. 

On account of the rather discouraging results with 
apparatus A the construction of apparatus B was de- 
cided upon. The material was prepared in the same 
manner as for the former tests. The force acting on 
the cone increased from zero at a constant rate of 30 
grams per second. Every fifth second the depth of 
penetration of the cone was observed and recorded. 
Figure 3 shows the result of tests performed on an un- 
disturbed and on a disturbed sample of a pale blue, 
glacial clay from a depth of 90 feet below the surface, 


per cent, and a water content of 44 per cent. 
shows the results of similar tests performed on a clay 
from a depth of 44 feet, liquid limit of 49.7 per cent, 
plastic limit of 23 per cent, and a water content of 40 
per cent. 

The relation between the load acting on the cone and 
the corresponding depth of penetration should be as 
follows: 

Let 

@ be the force acting on the cone, 
t the depth of penetration of the cone in milli- 
meters, and 
r=t, the radius of the vertical projection of the 
area over which the force Q acts. 
According to the theory of plastic flow, the yield point 
should be independent of the area over which the pres- 
sure acts. Hence, if we plot the values of Q as abscissas 
and the values of ¢# as ordinates, the points obtained 
from each test should be located on a straight line, 
because 
Q@_ 


want constant 
or 
Q = (constant) X#?=c¢,t? 
TX 


Figures 3 and 4 actually show that the straight line 
relation expressed by this formula approximately 
exists. In addition to this, they show in a very 
striking manner the importance of ,the influence on 
the yield point of remolding the samples of unaltered 
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water content. The abscissa of the intersection be- 
tween the penetration lines and a horizontal line with 
ordinates equal to 4° obviously corresponds to the 
consistency factor of the Swedish Railroad Commission. 


YIELD POINT OF UNCONFINED SPECIMEN 


In order to correlate the results of cone penetration 
tests with the yield point of the material, compression 
tests have been made on unconfined, cylindrical 
specimen of different clays. Figure 5 shows the 
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results of the compression tests performed with undis- 
turbed and the disturbed materials of Figure 3, and 
Figure 6 the results of similar tests made on the 
materials of Figure 4. The tests were made on 
cylinders 1 inch high, with a diameter of 1 inch. 
During the tests the cylinders were surrounded by a 
humidifier, and the remolding was done so rapidly 
that the water loss due to evaporation associated 
with the remolding process was practically negligible. 

The load was changed (increased or decreased) by 
equal increments in equal time intervals -at such 
a rate, that every test lasted about two hours, the 
time required for the time observations a, 6, ¢, ete., 
at constant load excluded. 

If in such a test a new increment is added.to the 
load, there follows an almost instantaneous com- 
pression. Then, as time goes on, the compression 
eradually inereases at a decreasing rate, until finally 
equilibrium is reached, the time increase of com- 
pression becoming equal to zero. On the other hand, 








on removing precisely the same load increment, the 
specimen almost instantaneously expands. As time 
goes on, the expansion continues at a decreasing rate, 
until finally, after a couple of hours, expansion ceases. 
These phenomena are characteristic of the effect of 
pressure below the yield point and at the same time 
correspond in every respect to the effect of pressures 
on solid bodies. Thus, from the results of experiments 
with various metals, Michelson® concluded that a 
change in stress of a solid body involves four different 
strain effects: (1) Rapid elastic yield; (2) rapid in- 
elastic yield (lost motion); (3) slow elastico-viscous 
displacement; and (4) slow viscous (nonreversible) 
displacement. The relation between time and each 
one of these four types of strain effects in solid bodies 
closely resembles those which exist for clays and 
similar nonliquid materials, regardless of how stiff 
or fluid they may be, provided the pressure which 
causes the strain effects be below the yield point. 
A discussion of the causes of the lag (retardation) of 
the strain has been presented elsewhere.6 For our 
purposes it is sufficient to retain the following two 
facts: 

The application of a pressure on clay always involves 
a viscous flow, regardless of whether the pressure be 
below or above the yield point. 

If the pressure is below the yield point, the speed 
of flow decreases at constant pressure until it finally 
becomes equal to zero. 


The maximum pressure (or, in the case of cube tests, 


the maximum load per unit of area) under which a 
state of final equilibrium can still be reached, corre- 
sponds to the yield point. Hence the time-com- 
pression curves for loads below the yield point approach 
a horizontal tangent, while the corresponding curves 
for loads above the yield point have no such tangent. 

In Figures 5 and 6 the yield point corresponds to the 
abscissa of the vertical tangent to the pressure-com- 
pression curve marked “T”’ because the pressure 
compression curve joining this tangent means infinite 
increase in compression at no increase in load. 

Tests can not be carried to the point where the 
compression curve becomes vertical but the position 
of the vertical asymptote can be estimated with a 
sufficient degree of accuracy. In the right lower 
corner of Figures 5 and 6, the increase of compression 
at constant load for different loads are shown for both 
undisturbed and remolded samples. 

The degree of elasticity of the samples is determined 
by the reversible part of the compression and can be 
expressed by the modulus of elasticity, which in turn 
is equal to the cotangent of the angle formed between 
the pressure axis and the hysteresis loops. 

The samples represented by Figures 5 and 6 had the 
following characteristics: 




















Ratio of 
Modul f ee 
odulus o ae : point to 
elasticity Yield point inodulus 
of elas- 
ticity 
| Ay. per sq.cm.| AY. per sq.cm. 
Sample No. 2 undisturhed___- z | 37 0. 65 0. 0176 
Sample No. 2 remolded______- 25 30 . 0120 
Sample No. 5 undisturbed____ 66 1. 20 . O182 
Sample No. 5 remolded_____..____________- 25 38 . 0182 








5 The Laws of Elastico-Viscous Flow, by A. A. Michelson, Proceedings of the 
National Academy of Sciences, May 15, 1917. 
6 Terzaghi, Erdbaumechanik, Wien, 1925. 
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COMPRESSIVE STRENGTH AND CONE PENETRATION 


The results of the cube tests furnished the basis for 
correlating the yield point with the data furnished by 
the penetration tests. From these results, the rela- 
tion between the cube strength q of the material and 


the unit resistance p= w= a to the penetration of 
the cone (yield point) was found to be as follows: 


Sample q =~ ip 
Tr 





Gms. per sq.cm.| Gms. per sq. cm.| 





INO; 2) umdistumbeds......._._._.._.....--- 650 956 eet 
No) 2; remml@ed: —......._....--.--_--2---- 300 548 1. 83 
No; Souma@isminbed.-............--..-...-- 1, 200 2, 960 2. 47 
INOMOMMeRMOMGGte 330 600 | 1.82 
NOs 3d indrsemnbede.-.-----.--__s.-- ee 700 1,310 1.87 
IMomonmenmloldedse..--252........._.----..- 320 711 2. 23 











If the test with apparatus B were an ideal consis- 
tency test, the ratio P should be a constant and en- 


tirely independent of the nature of the material. 
In spite of all the tests having been made with blue 
glacial clay, the ratio varies by about +25 per cent, 
the average value being equal to 1.95. 

The most conspicuous result brought out by the 
tests concerns the wide range in variation of the ratio 
between the cube strength of disturbed and undis- 
turbed samples. The cube strength of the remolded 
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samples ranges anywhere between 0.55 and 0.25 of the 
cube strength (yield point or consistency) of the undis- 
turbed samples. Hence there seems to be no chance 
to evaluate the actual consistency of a soft, water- 
bearing deposit, except by experimenting with undis- 
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Fic. 6.—Compression TESTS ON UNCONFINED SAMPLE OF Two 
IDENTICAL CLAY SAMPLES (No. 5) WitH IDENTICAL WATER 
CoNnTENT ONE OF WHICH WAS UNDISTURBED AND THE OTHER 
REMOLDED 


turbed samples, and the technique of securing undis- 
turbed samples represents as important a problem as 
the technique of testing the samples. 


FRICTION AFFECTS VALUE OF KINDLE’S TEST 


In contrast to the writer, Doctor Kindle attacked his 
problem from a purely empirical point of view. He 
compared materials ranging in hardness between tal- 
cum and cohesionless sand with the successive stages 
through which a mixture of neat cement and water 
passes during the process of setting, and tried to work 
out an experimental method for correlating the consis- 
tency of any soft material with the corresponding con- 
sistency of a mixture of neat cement and water. This 
method of attack is very original and appealing on 
account of its apparent simplicity. It furthermore 
differs essentially from the methods used by the Swed- 
ish Railroad Commission and by the writer, inasmuch 
as it is intended to include not only clay and mud, but 
all other kinds of soft materials, plastic and brittle. It 
involves, however, from the very beginning a serious 
difficulty. Consider, for example, the two following 
materials: A sand whose grains are slightly cemented 
together and a soft clay. Both materials may have, ac- 
cording to any consistency test (cube test, bearing-capac- 
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ity test, cone-penetration test, etc.) precisely the same 
resistance. Nevertheless it would be most confusing to 
consider the consistencies of these materials as equiva- 
lent, because there is obviously a second factor which 
must be taken into consideration, the deformability of 
the material According to the degree of deformability, 
the mechanical behavior may or may not be governed 
by the laws of plastic flow, a difference which is at least 
as important as a difference in consistency. Hence the 
consistency of the materials can not possibly be repre- 
sented by a single figure, even in the restricted sense of 
the word, as used in this paper. 

Disregarding this initial difficulty, we may pass to 
the test method itself.”_ In order to compare the con- 
sistency of two materials, Doctor Kindle measures the 
penetration of a one-half inch rod with a sharp point, 
freely dropping from an elevation of 10 inches. Upon 
analyzing the process of penetration, one realizes that 
the depth of penetration depends not only on the cohe- 
sion of the material, but also on the friction between the 
surface of the rod and the adjoining material. This 
second factor is something completely independent of 
cohesion. In addition to this the intensity of the fric- 
tional resistance is strongly influenced by dynamic lubri- 
cation phenomena. Thus the coefficient of friction be- 
tween the point of the rapidly penetrating rod and the 
adjoining material is apt to amount to only a small 
fraction of the coefficient of friction between the same 
material and the surface of a slowly penetrating point. 
In turn, each of these two coefficients may be very 


different from the coefficient of friction between the. 


point and a mixture of cement and water of equal 
consistency. 

These friction phenomena are most troublesome 
wherever they develop in connection with experimental 
work. Due to the effect of dynamic lubrication it is 
impossible to establish a universally valid pile-driving 
formula. The same effect introduced anerratic element 
into the cone tests described in the first paragraphs of 
this paper. Since the outcome of Doctor Kindle’s pene- 
tration test depends to a large extent on friction, the 
figures furnished by the tests can not possibly be con- 
sidered as a standard for comparing consistencies. 
They represent the combined result of two independent 
factors—consistency and friction. The friction effect 
is complicated by dynamic lubrication and seems to 
have a far greater influence on the outcome of the tests 
than the consistency. 

Three years ago the writer investigated the effect of 
the shape of the penetrating body on the ultimate bear- 
ing capacity of cohesionless sand® and found that the 
resistance against penetration of a cylindrical body 
with a flat bottom and with a diameter of 3.9 centi- 
meters acting on the plane surface of the sand is about 
20 per cent greater than the resistance against penetra- 
tion of a cylinder of equal diameter, terminating in a 
cone with a vertex angle of 60°. On the other hand, 
several years ago, similar tests were made near Vienna, 
on cohesive loess.’ The diameter of the loaded area 
was equal to 28.1 centimeters. In contrast to what 
has been stated above for the sand, the resistance of 
the loess against penetration of the conical bodies 
(vertex angle of 90° and of 35°) seemed to be somewhat 
in excess of the ultimate bearing capacity for a load 





7A proposed scale of hardness and cohesion for rocks,’’ an unpublished article by 
E. M. Kindle. 

§ Terzaghi, Erdbaumechanik, Wien, 1925, p. 232. 

® From an unpublished report by Dr. Ing. Fritz Emperger. 


acting on a plane surface. Hence the ratio between 
the bearing capacity of the ground for plane and for 
conical loaded surfaces may be different for different 
materials. This fact ought to be kept in mind when 
attempting the interpretation of cone penetration tests. 


CUBE STRENGTH MOST PROMISING INDEX OF CONSISTENCY 


From the preceding remarks we learn that the pro- 
posed methods for determining the ‘‘consistency”’ of a 
material are still far from ideal. For the time being 
the most promising method consists in measuring the 
cube strength directly, by a simple, nonconfined com- 
pression test, and to consider the yield point of the 
cubes as a measure of the consistency because, accord- 
ing to the aforementioned theory of plastic flow, the 





Fig. 7.—DiacramM SHowina Consistency Factors oF Soin 
Benestu A GRAVEL Fitt at SMepsEROD, SWEDEN. COPIED 
FROM Report OF SwEDISH RAILROAD COMMISSION 


yield point of an unconfined cylinder strictly determines 
the ultimate resistance of a plastic material under any 
other conditions of confinement. 

It remains to decide to what extent a consistency 
coefficient thus obtained may serve a practical purpose. 
There are three principal fields of application for con- 
sistency tests: 

(a) Applied geology, the consistency test serving as 
a means for expressing the hardness of materials (rocks, 
soils, muds, etc.) softer than talcum. 

(6) Foundation engineering, the consistency test to 
be used for investigating the degree of stiffness of soil 
intended to support structures and artificial loads. 

(c) Subgrade investigations, the consistency test to 
be used for expressing the resistance of the toplayer 
of the ground, located immediately beneath the road 
surface. 

The application of the consistency test to soft geo- 
logical formations is severely handicapped by the great 
variation in the physical character of the softer forma- 
tions. The common rocks and minerals included in the 
traditional scale of hardness represent practically homo- 
geneous solid bodies. The homogeneous solid bodies 
belong, physically speaking, in one class, and their 
hardness can be described by a single figure. 

In contrast to this, the soft materials may be ¢ither 
porous solid bodies (chalk, etc.) or two-phase systems 
(saturated silts, clays, etc.) or three-phase systems 
(dry clays or loams). These three groups of materials 
are physically so different that it is impossible to 
establish a scale of consistency valid for all of them. 
The hardness of the materials of the first and the third 
group may best be expressed by the cube strength 
(breaking strength) of the material or by any other 
method used for measuring the hardness of brittle 
solid bodies. The consistency of the materials of the 
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second group is also primarily determined by the cube 
strength, but the cube strength has in this case a dif- 
ferent meaning. It corresponds, not to the breaking 
strength of brittle substances, but to the yield point 
of plastic materials. Hence, in order to define the 
hardness of a soft material, it is not sufficient to men- 
tion the cube strength. It is necessary to state in 
addition, at least, whether the material was crushed or 
whether it flowed under pressure, and whether the 
material disintegrates in water or whether it retains 
its strength. For clays it will, in addition, be required 
to determine the consistency in an undisturbed state. 

The most promising field of application of the con- 
sistency tests concerns the stiffness and the bearing 
capacity of compressible substrata (muck, silt, clay) 
located beneath the depth of seasonal variations in 
water content. Figure 7 shows the change in con- 
sistency of a bed of silt produced by the superimposed 
weight of a gravel fill. The investigations which led 
to this diagram were made by the Swedish Railroad 
Commission, by means of the cone penetration method 
described in this paper. The diagram shows very 
clearly the general subsidence associated with an 
increase of the consistency of the strata located beneath 
the fill. Yet the data have a relative value only, because 


the tests have been made with remolded samples. At 
present our efforts concentrate on improving the 
methods for obtaining undisturbed samples and on 
testing these samples in their original condition. 
When attempting to apply consistency methods to 
the problem of predicting the behavior of a subgrade 
to be located immediately beneath the surface of a 
road, one meets the same difficulties which make it 
impossible in the laboratory to go beyond an attempt 
to classify the raw material of the subgrade. In the 
field the subgrade undergoes periodical changes between 
the state of almost complete saturation and the state of 
dryness. As a consequence its consistency varies 
between very wide limits. In the preceding paragraphs 
it has been shown that the consistency of two identical 
samples with identical water contents may be very 
different according to the preceding history of the 
sample. It would be still more difficult to estimate in 
advance the minimum consistency of a material under 
conditions which we can not possibly reproduce in the 
laboratory. Hence in subgrade investigations the con- 
sistency tests can not possibly be utilized except in 
connection with laboratory procedure for classification 
purposes, and without expecting the test results to have 
a direct bearing on the behavior of the soil in the field. 
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hard bottom is reached, the bending stresses induced in 
the piling during backfilling can easily cause failure where 
sufficient penetration of the mineral subsoil can be had to 
giveagood pilinganchorage. If penetrationof the piling 
1s limited by a hardpan layer below the peat, sliding of 
the bottom of the piling may take place. If the deposit 
is deep, the piling may be flexible enough so that it acts 
as a cantilever fixed at the bottom and the whole struc- 
ture may be moved in one direction. The forces due to 
the compression and flow of the peat during filling have 
been the cause of a number of bridge failures. 

In one case in Michigan in 1916, a 40-foot bridge 
was put in, supported by 50-foot spliced piling. Some 
time after filling of the approach was started the 
bridge began to move, slid along the axis of the road- 
way and inside of a week had completely disappeared 
from sight. In another case in a peat deposit about 
40 feet deep, a 40-foot bridge rotated about 5° about 
one end, and settlement then began in sufficient amount 
to destroy the bridge. Had the approach fills been 
made first, these failures would not have occurred. 

The maintenance of a road surface which is settling 
is a comparatively difficult matter to handle. In a 
number of cases where the amount of settlement was 
not over a foot or two and a concrete surface had been 
placed, the slabs have been jacked back to grade and 


the space beneath the slab refilled with tamped earth. 
It is for this reason that mesh reinforcement ts desirable, 
as it has been found that reinforced slabs can be jacked 
back into place with very much less breakage than the 
plain slab. In other cases, where the settlement has 
been accompanied by considerable slab breakage, it 
has been necessary to remove the surface, bring the fill 
back to grade, and replace the surface. Where the 
amount of settlement is considerable it may be possible 
to effect a remedy by removing only a part of the pave- 
ment at each end of the settlement and placing new 
sections which will join the sunken slab properly to 
the surface adjacent to the settlement. 

It is unfortunate that the present methods of filling 
have been used for so short a time, as it is impossible 
for us to accurately estimate the amount of filling 
material necessary with methods 4 and 5. Quantities 
in each case will be less than those indicated by curves 
derived from an investigation of fills which have been 
placed full width on the surface of the undisturbed 
peat. It is planned in the near future, as soon as a 
sufficient number of these examples are available, to 
cross section and determine the amount necessary, 
using the new method. We are confident that the meth- 
ods proposed will eliminate a great deal of the settle- 
ment formerly encountered, and will involve the use 
of smaller amounts of material in filling. 


CALIFORNIA 


ROAD SURVEY DEMONSTRATES THE 


ECONOMIC POSSIBILITIES OF SUBGRADE STUDIES 


Reported by C. AA HOGENTOGLER, Highway Engineer, Bureau of Public Roads 


road condition collected in the study of Cali- 

fornia highways in 1920! shows convincingly 
the value of considering subgrade conditions in high- 
way design. 

In this survey the concrete roads were classified 
according to condition as follows: 

(a) A pavement in which the plainly visible tran- 
verse cracks do not exceed the normal number ex- 
pected of a pavement constructed without expansion 
joints, and which has no plainly visible longitudinal 
cracks. 

(6) A pavement having more than the normal 
number of plainly visible transverse cracks or with 
some ‘‘crowfoot”’ cracks at the edges or with both. 

(c) A pavement similar to classes a@ and 6b and 
with one plainly visible longitudinal crack or with 
a considerable number of ‘‘crowfoot’’ cracks. 

(d) A pavement so cracked transversely and longi- 
tudinally that numerous slabs are formed of less area 
than class c, but that do not average less than about 
50 square feet. 

(e) A pavement in which the plainly visible trans- 
verse and longitudinal cracks are so numerous that 
it is broken into slabs having areas less than about 50 
square feet but in which no general disintegration 
appears. : 

(f) A pavement badly broken and with disinte- 
grated portions. 

The subgrade classification was made in accordance 
with the practice of the U.S. Bureau of Soils as follows: 

Class 1. Clay and adobe soils (includes clay, silty 
clay, clay-loam and clay). 

Class 2. Marsh lands 
peat lands). 

Class 3. Loams (includes loam, clay-loam, silty 
loam and silty clay-loam). 

Class 4. Sandy loam (includes coarse sandy loam 
and fine sandy loam). 

Class 5. Sand, and sand and gravel. 


| roenk cexakan of the data on subgrades and 


(Gineludes salt marsh and 


TaspLe 1.— Condition classification of concrete roads on different 
types of subgrade, based on study of 1,200 miles of California 
road in 1920 





Class of pavement 





Type of subgrade ! ee —- 

















A B C | D E F 
| Per cent | Per cent| Per cent| Per cent| Per cent} Per cent 
S200, ee eee, 68. 4 21.4 0S | eee | CSE. Se 
sandy loami......__....-__ 44,2 38.8 0 3h (6 0.9 | lena 
enti... 348/ 390| 181/| 42 Tye 2.8 
Adobe and clay_...._____- | 21.4) 37.8 20.4| 10.8 4.6 | 5.0 
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! Types classified in accordance with the practice of the U. S. Bureau of Soils. 


In the California report, about 1,200 miles of con- 
crete surface and the corresponding subgrade were 
classified according to the above systems, with the 
result shown in Table 1. These roads were practi- 





' Report of a study of the California highway system, 1920. 
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cally all of the standard California 41-inch cross 
section used prior to 1920. They were constructed 
during the period 1912 to 1920 and the construction 
was distributed over different types of soils in ap- 
proximately proportionate amounts throughout this 
period. 

In the large mileage of pavement inspected and 
classified there were sections of various ages from one 
to eight years and sections which had been subjected to 
traffic of various degrees of density from light to heavy 
on each of the types of subgrade. In other words, 
there were pavements laid on sand subgrades which 
had been in service for varying periods, and there were 
pavements laid on adobe and other types of soil which 
had also been in service for various lengths of time; 
similarly, there were pavements on sand subgrades 
which had been subjected to light traffic and others 
which had been subjected to heavy traffic, and the 
same may be said of the pavements laid on adobe and 
other types of soil. In view of these conditions and the 
large mileage involved it may be assumed that major 
differences found to exist in the percentage and degree 
of failure of pavements on the various types of sub- 
grades were due in greater degree to the character of 
the subgrade than to the age of the surfaces or the 
density and weight of the traflié. 

There may be some differences of opinion as to 
the details of road and soil classification, whether the 
road condition classes should be based on the spacing 
of cracks and area of resulting blocks or on length 
of cracks and extent of breakage, and whether the 
soils should be classified according to type or accord- 
ing to certain laboratory tests. Whatever the opinion 
in regard to these matters it can influence but little 
the outstanding conclusions to be drawn from the com- 
parative data in Table 1. Classification by other pro- 
posed systems which definitely identify road condition 
and soil characteristics would warrant the same 
conclusions. 

These conclusions are as follows: 

1. That subgrade character has a controlling influ- 
ence on road condition and outweighs the traffic 
variable in general comparisons. 

2. That a surface design which is adequate for one 
type of soil may be inadequate for an inferior type. 

3. That within a given soil type certain undesirable 
conditions of subgrade may develop which will make 
inadequate a pavement design adequate where these 
conditions do not exist. 

4. That, other things being equal, these undesirable 
subgrade conditions increase with increase of clay 
content. 

5. That soils can be grouped with regard to the 
occurrence of these undesirable conditions of support, 
although the best classification may not yet be deter- 
mined. 

6. That information on the relative tendency of the 
various soil types to develop undesirable subgrade con- 
ditions and on the causes and corrective measures for 
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these undesirable conditions can result in enormous 
savings in the ultimate cost of roads. 

Table 1 indicates that, in general classifications, the 
traffic is subordinate to the subgrade variable. While 
no correction was made for differences in traffic, the 
percentage of good pavement consistently decreases 
and the percentage of bad pavement correspondingly 
increases as the supporting value or some other desir- 
able characteristic of the subgrade decreases. 

In comparing but two roads, difference in traffic 
undoubtedly will be reflected, but when large portions 
of highway systems are used for study the traffic vari- 
able seems subordinate. 

This coincides with the findings of the highway 
research board which were to the effect that the influ- 
ence of traffic on concrete pavement condition was 
malpa uaa to those of age, subgrade and design of 
slab. 

Table 1 demonstrates that a design of pavement 
which is adequate on sand subgrades may be inade- 
quate on clays. This can be better demonstrated by a 
second tabulation. Since the California report, in 
further explanation of the road condition classes, states 
that classes A, B, and C were equally serviceable for 
traffic, and also since the adoption of the center joint 
design would place class C pavements with classes A 
and B, these three classes are grouped in Table 2 as 
desirable pavements and classes D, E, and F are 
grouped as undesirable pavements. 


TABLE 2.—Pavements on different types of subgrade classed as 
desirable or undesirable 











Type of subgrade Be Nines 
et Fon nee —— | - — 
| 

Per cent | Per cent 
SNWGl EES See an ace ee (eeLOOSO} |. ane 
DVOMGWY MORIN eee enna eae Ee a a 94.0 | 6.0 
ILO Sake. «eee eee oh eee nee... S159) | 8.1 
AAiololors nl GER eee 79. 6 20. 4 











Table 2 shows clearly that the design of pavement 
used was adequate for sand subgrades but that other 
subgrades require either a change in design or correc- 
tive measures in varying amounts. This indication is 
supported by findings of the highway research board 
and also by behavior of certain roads in both New 
York and Delaware. 

Table 2 indicates that road failures are caused by 
certain undesirable conditions found in portions of the 
various soil types. Even on the worst subgrade (clay) 
about 80 per cent of the pavements were in desirable 
condition. A further study of this table indicates that 
but three soil classifications are needed in this case 
and the revision is shown in Table 3. 


TaBLe 3.—Pavements classed as desirable or undesirable using 
only three subgrade classifications 





Pavement condition 





Type of subgrade R 
Desirable |Undesirable 











Percent | Percent 
Syl odor mec ence eee S ee ee eee LOOROM See = <= aes 
Taco eaecnansuer -s66e ee a ee 93. 0 7.0 
CEN . sosceeee pecone Saher 79. 6 20. 4 








- Proceedings of the Fifth Annual Meeting of the Highway Research Board, 1925, 
art 1. 


This tabulation plainly indicates that the undesirable 
conditions increase with inerease of clay content and 
also that soils can be classified with regard to their 
influence on india condition, thus supporting in- 
dications 4 and 5 

As an example ‘of the value of subgrade information 
to the engineer let it be assumed that 1,000 miles of 
pavement: are to be constructed; that the subgrades 
consist of 200 miles of sand, 300 miles of loam, and 500 
miles of clay, and that conditions are similar to those 
existing in California. 

In the absence of definite information on subgrade 
influence, a pavement of uniform design and adequate 
to meet the undesirable conditions in the clays and 
loams would probably be adopted. Referring to Table 
3, this means that on the loams a pavement more than 
adequate for 93 per cent of its length would be used 
because of undesirable conditions existing on but 7 per 
cent, and in the clays a pavement more than adequate 
for 80 per cent of its length must be laid because of 
undesirable conditions found on 20 per cent, or under 
the assumptions stated above, 879 miles of our total 
length would be more than adequately improved be- 
cause of undesirable conditions existing on 121 miles. 
Under the above conditions and with an assumed pave- 
ment cost of $21,000 per mile, the cost of our system 
would be $21,000,000. 

In contrast to this procedure, if the highway engineer 
had definite information on the types of soils in which 
undesirable conditions exist and also on the location, 
cause and corrective measures for these conditions, a 
design adequate for the 879 miles of pavement would 
be used and corrective measures would be added on the 
121 miles. 

Just what these corrective measures would cost is 
not known, but certain roads in Delaware and New 
York indicate that the difference in support between 
natural sands or sands and gravels and undesirable 
conditions found in clay suber ades can be equivalent 
to at least 1 inch of pavement ‘thickness or about $3,000 
per mile. If this indication is correct, 1t can be seen 
that on the 879 miles of pavement there exists the possi- 
bility of saving $2,637,000 or 121% per cent of the total 
cost. Whether or not these aaa figures are accepted, 
the California data plainly show that if accurate sub- 
grade information is obtained and utilized a consider- 
able saving of road funds will result. 

These data also point out that the logical method of 
procedure in subgrade studies is to make: 

1. General surveys for determining the influence of 
various types of subgrades on different types and 
designs of pavements. 

2. Detailed investigations of road failures to deter- 
mine the causes of undesirable conditions developing 
in the several soil types. 

3. Detailed surveys of subbases, subgrade treat- 
ments, drainage types, and change in pavement design 
to determine the efficiency of the various corrective 
measures for overcoming undesirable subgrade condi- 
tions. 

At present 15 States consider subgrade support 
in pavement design, a fact which reflects increased 
recognition of the importance of the subject. Practice 
in Colorado can be described as a good example of the 
practical application of the present knowledge of 

(Continued on page 251) 


DESIGN OF A CONSTANT TEMPERATURE MOIST CLOSET 


By WALLACE F. PURRINGTON, Materials Engineer, New Hampshire Highway Department 


HE TESTING laboratory of the New Hampshire 
State Highway Department recently found it 
necessary to design a moist closet to meet the 

conditions of the new specification of the American 
Society for Testing Materials, which reads as follows: 

“The temperature of the room, the materials, the 
mixing water, the moist closet and storage tank water 
shall be maintained as nearly as practicable at 21° C. 
(70° ¥.) and the mixing water, moist closet, and the 
water in the storage tank shall not vary from this tem- 
perature moré than 3° C. (6° F.)..” 

This is a much more rigid requirement than that in 
the older specification, which stated that the air and 
water should be maintained as nearly as practicable at 
a temperature of 21° C. (70° F.) and did not give a 
definite tolerance limit. Testing laboratories may find 
it necessary to install new equipment to meet the new 
conditions. In the Northern States the problem is to 
maintain the necessary amount of heat in the fall and 
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spring, while in the Southern States the greatest diffi- 
culty is in reducing heat in summer. 

In designing a moist closet for New Hampshire 
conditions the following features were considered— 

1. Insulation against heat and cold. 

2. Equipment to generate and control the necessary 
heat. 

3. Equipment to maintain the maximum degree of 
humidity. 

The closet sidewalls were constructed of 6-inch hol- 
low tile and lined with 14-inch cork board coated 
with a bituminous mastic one-quarter inch thick. The 
cork board was cut into slabs 12 by 36 inches in size 
and cemented to the tile by a rich cement-sand mortar. 
The cork was treated with a chemical sealer to prevent 
Three coats of a cement- 
stucco paint were applied to the mastic coat after the 
wall-board was placed. The room has been in opera- 
tion for three months and there is not the least sign of 
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the mastic causing discoloration. The floor is made of 
conerete, and the top of the closet is constructed of 
4 inches of reinforced concrete. The door is of wood 
and is lined with cork. This construction has been 
found to give entirely satisfactory insulation. 


HEAT CONTROL EQUIPMENT 


Two possible sources of heat were considered, steam 
from the heating plant of the building and electricity. 
It was decided that steam heat could not be regulated 
satisfactorily, while electric heating could be easily 
controlled, and in addition would be available at all 
times, although more costly. 

The heating units used were 500-watt capacity heaters. 
Four of these were connected in series and eight in 
parallel. The series group was connected to a liquid- 
type thermostat set at 65° F. and the parallel group 
was connected to a similar thermostat set at 60° F. 
The latter were wired through a 110-volt, 60-ampere 
remote control switch. But little use has been made 
of this group as the temperature has not fallen to the 
point where it comes on. Figure 1 shows that the heat- 
ing units are arranged in four groups, each consisting 
of one of the units in series and two of those in parallel. 
It is necessary that the heating units, switches, ther- 
mostats, and connections be of the best type and not 
affected by corrosive action in the warm humid atmos- 
phere. These heaters require considerable current and 
it is necessary that the wires and insulation be of the 
very best. The main feed consists of No. 6 rubber- 
covered wire while all outside wiring is No. 4 common 
covered wire. Owing to the excessive heat and damp- 
ness, the wires connecting the fuse block and control 
switch are No. 14 and of the slow-burning type. 

At the present time a recording thermometer has 
not been installed and it is necessary to take readings 
at different periods of the day. Typical observations 
covering a week have been recorded as follows: 








Temperature in degrees 
Fahrenheit 
Date a 
8.30. a.m.; 12m. 5 p.m. 
IMON, US SE REE. a ea ee 68. 7 66.9 | 66.9 
INO. UG. cee eck ek ae eee sar 66. 2 68.5 | 70. 7 
INV OR Ula RB a ee 70.1 68. 9 67.5 
IN@We JG) soae eee eee er 65.7 68. 0 68. 0 
IN Wi D coeceie nace b= AAR BSAA 67.1 69.1 67.1 
NOt, 2U) white etch de eee rr 66.9 Ce |e... 

















EQUIPMENT TO MAINTAIN HUMIDITY 


Two humidifiers supply a very fine fog spray. They 
are connected with water and compressed air. By 
adjustment it is possible to get nearly any degree of 
humidity required. During the fall and winter the 
water is very cold. Unless it is tempered somewhat 
by the use of warm water and a mixing valve there is 
a great demand on the heaters to keep the room to the 
desired temperature. The purpose of the mixing valve 
is simply to reduce the expense of operating. The 
heaters will keep the temperature up, however, if tem- 
pered water is not introduced. The humidifying appa- 
ratus also serves to keep the atmosphere in the cham- 
ber in constant motion and at a uniform temperature 
throughout. 

Pans for the storage of briquettes, and 2 by 4-inch 
cylinders have been installed in this room. The pans 
are arranged in such a manner that a small trickle of 
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water empties into a holding tank which allows the 
water to come to the temperature of the room and the 
water overflows into a pan in which briquettes are 
stored. In the seeond pan there is an overtlow pipe 
Which empties into another pan below. Five pans, 
including the storage pan, are placed in this way and 
are supported by a frame made of angle irons, the joints 
of which have been electrically welded. This was done 
to avoid the rusting of serews, bolts, and washers. Two 
pans much longer and deeper than the one deseribed 
above are used for the storage of cylinders. The room 
is large enough to store all the conerete evlinders the 
laboratory will be called upon to test. 

A large stock bottle of distilled water for mixing is 
kept in this room at all times. Knough is drawn off for 
each test and as a result the requirement of keeping the 
mixing water within the tolerated limits can be carried 
out. Immediately upon making the pats for initial 
and final set and for the steam test they are placed in 
this room upon a slate-covered bench and are kept 
there during the period required. 


(Continued from page 249) 


suberades. Prior to construction a detailed survey is 
made of all subgrades and soil samples are obtained 
for laboratory test. These test results then determine 
both the locations for and character of treatment. 
Suberade treatments of sand are provided for all loca- 
tions in which the lineal shrinkage exceeds 5 per cent 
and the thickness of the sand layer used depends on 
the extent by which the moisture equivalent exceeds 
20 per cent. This is determined by reference to a curve 
which shows the percentage of sand required to reduce 
the moisture equivalent from any amount to 20 per 
cent. While the method of treatment and the limits 
of 5 and 20 per cent might be subject to variation, 
the practice of using subgrade information forecasts its 
utilization in the future on all highways. 


EFFECT OF HIGHWAY SLASH ON INFESTATION BY 
WESTERN PINE BEETLE STUDIED 


The Bureau of Entomology of the United States 
Department of Agriculture has recently completed a 
four-year investigation of the effect of slash from high- 
way clearing on insect infestation of surrounding 
timber. The work was conducted by J. K. Patterson, 
assistant entomologist, on a highway in the Cascade 
Mountains of southern Oregon. 

It has been known that slash in all sections of the 
country is usually infested by one or more species of 
two groups of forest insects commonly known as bark 
beetles and borers. Until recently, however, little had 
been done to make a scientific analysis of the relation 
between such infestations and infestations in surround- 
ing timber. 

The Bureau of Entomology began its study in 1920 
with the clearing of a highway through a larger timber 
area consisting of yellow pine, sugar pine, Douglas fir, 
white fir, and true fir. The slash consisted of entire 
trunks and tops of trees dragged to either side of a 
clearing 60 feet wide and 24 miles long. In this region 
the western pine beetle is the principal insect enemy of 
the mature western yellow pine. / 

To investigate the relationship of the slash to the 
attack and breeding of bark bettles, 1 square foot of 
bark was taken from the middle of the butt cant of 
each felled tree after the emergence of the broods and 
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entrance and exit holes counted. These data were 
then compared with data from standing trees which had 
been attacked by bark beetles. 

The conclusions were as follows: 

Line slash of the character here considered is very 
attractive to the bark beetle Dendroctonus brevicomis, 
practically all such slash being attacked by this insect. 

The attack of this bark beetle on the slash is not so 
heavy as its attack on mature standing timber. In the 
particular case studied approximately one-half as many 
beetles attacked a unit area of bark on the felled trees 
as attacked an equal area on standing timber. 

The broods developing in slash are characterized by 
abnormal mortality. The increase of beetles develop- 
ing in the slash studied was only 64 per cent of the 
number of beetles making the attack, whereas the 
corresponding increase in adjacent standing timber at 
the same time was 135 per cent. 

Bark beetles from the surrounding standing timber 
are attracted to the slash at the time of attack, and a 
temporary concentration of infestation occurs in its 
immediate vicinity. - Normal distribution of the infes- 
tation is resumed within a year. 

The concentration just mentioned and the breeding of 
beetles in line slash do not increase or greatly influence 
infestations in the surrounding forests. The cycle of an 
infestation continues regardless of the slash. 

This study indicates that the infestation of line slash 
by Dendroctonus brevicomis is not a serious menace to 
neighboring mature timber, and may be disregarded 
when the problem of slash disposal is under con- 
sideration. 


THE ACTION OF CALCIUM CHLORIDE ON CEMENTS! 


Some interesting observations as to the action of 
calcium chloride on cements are contained in an article 
by M. Anstett in Le Génie Civil for October 2, 1926. 
This article is the result of an investigation on the 
corrosive action of calcium chloride on steel reinforce- 
ment. 

It was found that very dilute mixtures of calcium 
chloride, such as a few grams per liter of mixing water, 
retarded the setting of the cement quite noticeably. 
Concentrated solutions, such as 100 to 400 grams per 
liter, accelerated the setting and hardening. The 
calcium chloride admixture is a stabilizer of mortar, 
due no doubt to its affinity for free lime such as is pres- 
eit in varying amounts in all cements. The elimina- 
tion by combination of this free lime without delay 
removes a frequent cause of swelling and disintegration 
of concrete. 

Mixed with a strong solution of calcium chloride, 
the cement acquired considerable compressive strength 
in a very short time, but samples of a similar mixture 
disintegrated as a result of immersion in water a few 
moments after setting. Other specimens that had cured 
in air for 15 to 20 hours remained intact during sub- 
mergence in water. Other factors are known to in- 
fluence the effect of calcium chloride. 











} Translated and abstracted by C. S. Jarvis, associate highway engineer, Bureau 
of Public Roads. 


To illustrate the influence of this admixture on the 
soundness, 18 cement pats were prepared, 9 of which 
were mixed with pure water, and the remainder with 
5 per cent by weight of calcium chloride. After curing 
for a few days in water at 15° C., 3 of the 9 pats mixed 
with pure water had developed cracks, but all of those 
with the admixture were intact. 

Efflorescence increases when calcium chloride is 
added in strong proportions, due, no doubt, to the 
deliquescence of the chemical and the constant humid- 
ity of the cement as thus maintained. 

Table 1 illustrates the influence of calcium chloride 
admixture on the time of setting. 


TaBLeE 1.—The influence of calcium chloride admixtures on the 
time of setting of cement 

















Cement mixed | Cement with Cement with 

with pure about 3 per cent | about 6 per cent 
water of CaCls of CaCle 
Cement : 

Initial | Final | Initial | Final | Initial | Final 

set set set set set set 
ifm. | Hom. | Homo \ Hom, | Hee eee 
JATIN Cleats ar ee eee 4 10 6 40 0 20 1 05 0 12 0 36 
18 (olor Oia eR Ao oe Mi ose 6 45 0 16; 1 20 0 04 0 au 
Ordimany Portland 722---_____.- 3 15} 6 45] 0 15) 2 30) 0) 040) i ae 
Sls tae same... seeeeeere re a ee 3 151/19 ..| 3 45] 11 30) 1 459) % ae 























It must be observed in passing that the 6 per cent 
admixture is not to be recommended for use with the 
Holderbank and ordinary Portland cement, as the 
four-minute time of initial setting is too short a period 
to employ in practice. 

Table 2 indicates the resistance to compression in 
pounds per square inch, and the influence of calcium 
chloride as an admixture. 


TaBLe 2.—The influence of calcium chloride admiztures on the 
compressive strength of cement 
































Test specimens cured 
In air at minus 
= In water at 15° C. 20° C. 
Cement 
Mortar mixed with | Mortar mixed with | Mortar mixed with 
pure water 6 per cent CaCle 6 per cent CaCl» 
2 days 7 days 2 days 7 days 2 days 7 days 
Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per 
sq. in. sq. in. sq. in. sq. in. sq. in. 8q. in. 
PANO De eae 3, 300 4, 600 2, 350 2, 370 1, 720 2, 480 
Holderbank wees oe 950 2, 740 2, 340 2, 510 1, 340 3, 020 
Ordinary Portland _ 336 1, 510 1, 070 1,770 700 1, 316 
aOR eee: 266 826 28 168 28 826 











The admixture of 6 per cent calcium chloride was 
apparently harmful where the temperature of the 
bath was 15° C., except for ordinary Portland cement. 
It is of some advantage where exposed to temper- 
atures as low as minus 20° C., for the specimens 
mixed with pure water developed practically nostrength 
at this temperature. 


O 





ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in which they are 
particularly interested. The Department can not undertake to supply complete sets 
nor to send free more than one copy of any publication to any one person. The editions 
of some of the publications are necessarily limited, and when the Department’s free supply 
is ethausted and no funds are available for procuring additional copies, applicants are 
referred to the Superintendent of Documents, Government Printing Office, this city, who 
has them for sale at a nominal price, under the law of January 12, 1895. Those publica- 
tions in this list, the Department supply of which is exhausted, can only be secured by 
purchase from the Superintendent of Documents, who is not authorized to furnish pub- 
lications free, 


ANNUAL REPORTS 
Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
*Report of the Chief of the Bureau of Public Roads, 1926. 5c. 


DEPARTMENT BULLETINS 


No. 105D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 
*136D. Highway Bonds. 20c. 
220D. Road Models. 
257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 
*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 
*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10e. 
*370D. The Results of Physical Tests of Road-Building 
Reck. 1éc. 
3886D. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 
387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 
3888D. Public Road Mileage and Revenues in the New 
England States, 1914. 
390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 
407D. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 
*463D. Earth, Sand-Clay, and Gravel Roads. 15c. 
*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 
*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 5c. 
*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 
*660D. Highway Cost Keeping. 10c. 
*670D. The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 5e. 
*691D. Typical Specifications for Bituminous Road Mate- 
rials. 10c. 
*724D. Drainage Methods and Foundations for County 
Roads. 20c. 
*1077D. Portland Cement Concrete Roads. 15e. 
*1132D. The Results of Physical Tests of Road-Building 
Rock from 1916 to 1921, Inclusive. 10c. 
1259D. Standard Specifications for Steel Highway Bridges, 


adopted by the American Association of State High- 
way Officials and approved by the Secretary of 
Agriculture for use in connection with Federal-aid 
road work. 

1279D. Rural Highway Mileage, Income, and Expenditures, 
1921 and 1922. 


DEPARTMENT CIRCULARS 


No. 94C. 
B01. 


TNT as a Blasting Explosive. 


Standard Specifications for Corrugated Metal Pipe 
Culverts. 


MISCELLANEOUS CIRCULARS 


No. 60M. Federal Legislation Providing for Federal Aid in 
Highway Construction. 
62M. Standards Governing Plans, Specifications, Contract 
Forms, and Estimates for Federal Aid Highway 
Projects. 
FARMERS’ BULLETINS 
No. *338F. Macadam Roads. 5c. 


*505I°. Benefits of Improved Roads.  5e. 


SEPARATE REPRINTS FROM THE YEARBOOK 


.*739Y. Federal Aid to Highways, 1917. 5e. 
*849Y. Roads. 4c. 
914Y. Highways and Highway Transportation. 


OFFICE OF PUBLIC ROADS BULLETIN 


No, *45. Data for Use in Designing Culverts and Short-Span 


Bridges. (1913.) 165e. 


OFFICE OF THE SECKETARY CIRCULARS 


No. 49. 
59. 


Motor Vehicle Registrations and Revenues, 1914. 
Automobile Registrations, Licenses, and Revenues in 
the United States, 1915. 
63. State Highway Mileage and Expenditures to January 
1, 1916. 
*72. Width of Wagon Tires Recommended for Loads of 
Varying Magnitude on Earth and Gravel Roads. 5c. 
73. Automobile Registrations, Licenses, and Revenues in 
the United States, 1916. 
. Rules and Regulations of the Secretary of Agriculture 
for Carrying Out the Federal Highway Act and 
Amendments Thereto. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL 
RESEARCH 


. 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 
. 19, D- 3. Relation between Properties of Hardness 
and Toughness of Road-Building Rock. 
. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

5, D-12. Influence of Grading on the Value of 
Fine Aggregate Used in Portland Ce- 
ment Concrete Road Construction. 

10, D-15. Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric Con- 
centrated Loads. 


Vol. 10, No. 


Vol. 11, No. 





* Department supply exhausted. 











o°860*y S°TW p9°soL*sEL ‘Sr $ 


























| 6a iy" 19S *y 
| by °009‘Ore 


pathe? ies 


eL*e]iz*i6i’s 
fe"Sey"Plg"s 


IsBOCL*iG6 





go°sst "ose" t 
go*9es*Sii's 
ve ble *ceL 


63° 18S "Ore 
es°os6*eeL 


00°003"Sv0°s 
S*OLS *eSy "2 
bs*yes"63z 


60'ree ‘ese y 
ge"cos* iss ’s 
EL*LOL*L96°4 


6p°erS "Sut 
es*.ec* tes 
6r°S90'veh 


te*s¢2*so0*e 
2°S9S "Fie 





| Ba°9c9"SC1"t 
16*0S9 *086'S 


Se°els*ysa‘t 





wORe WINS 
warores qyNos 
purys] epoqy 


wo$aiQ 
varoqer{O 














Bel veer 


|S2*2oe* tors 


¥6°PLB* PSL 


61390" ero" ‘ 
vb°v8o'eco*e 





orgo 

Boxed THON 
warjore) THON 
yI0X MON 
Oomey MON 
Aosief Mon 





5°009 SPS" r 


| 9°ope*lpp th 


veal esg* vie ‘ 


| cee viet tee"2 
| 96°29 *9¥6 





arysdurey MON 
BpBaayy 
UASBIgeN 

BuO 

Lmosstpy 
tddisstsstyy 
BOSOUUTL 


wes | 
-Sidasabtecl 





oper0jo9 
Braye) 





S€LVLS 


GE*LLE* ear 
|Si-szs*opi*t 
| 6v°2ce* B02 *f 


S6°Lb8 “pee 
g9*ics*zie’e 
v8*°L20* rey 


B3*evi ‘eset 


Be" 90L"9¢6"¢ 


69°01e°999°4 
9S*LLe* Ore Lt 
s8*scs*cs0'6 





yeross*vai"b 
f+ ero" 66e'2 





yi 666 ‘928 
6°¢98 "Ore "Ss 


90°r 19 *Si9 
to°sss*99e "2 
12°Zer*ibe 


ei sore 
g9*2z90' iyi *y 


61°80S *9S8*ve 
prSil flrs 





9r*606*28L°L 
tirgez*sse*oL 
i3"669*210'2 


eo" kig*ezo*ze 
ve 6yc ‘O66 ‘12 
9*2r0'eve'y 





89°Orr ‘860'S 
2L°v92* ory Le 
20°89 *9L2°O! 


PO" BL *ss2"s 
gy°e.9 ‘eel *es 
LS" 1e9"p29*te 


oe ae 3 aod 
oe FHOULIO A 


gessouuel 





Of*9e8*2er"s 
vy'ss0*ror’s 
28°co6*va0'e 


L°cee 
£°s. 
F9°L 


Tce» 


SL°r9r r99 
ep Scr * org 


ean seek 


2° sete 
6" ier 'h 
1°98 


L6°9e8*209S8 
6"22C'99L°9 
90° 6e8*ags't 


6l°ere Bop Lt 
lo6* 69 *020°St 
60°919"886°E 





“——“woqed Tnog 
““pUOrBD TNs 
~——“puRys] epoyy 





36°968 “lS “6c 
Sel. *ei2'e L°c2 
68°806°989°¢ O°ly 


99 °88r *sSo 





00°016*vOL 


g2°ss6*ze2 
c6°L80° tee 


BL*yi8*ere’e 


9s*ez2*sg8 


Be°fyO"lée*cl = etcit 
po*sco* big*y z°98y 
t2°919%oue’y Lovet 





OO° EB" 0cL"8E 
vLece*are's 
@v"299°009 





L8°6Eb ‘OL 








lopezes*eps's 
26°S8S ‘Svr "4 


| B6°y90'Ler*e 


| 9-ozk 229% 


L°6c6 8f9 


| 98°t6s "eins 


fie*BOl 49 4 


cl°sto*iwee’s 


196°6r9'cey 


| O9*Lyr *SEL*S 
eo*fzy Sent 


LL°26S 0L6 + 
| 6£° gor'ysg"t 
| eee ver*aLe 


te"Lr0 esr 
81°996"668 


18° 499°9S8 
ve°9Le"LO0%e 
te*re9*96l 
19° ais "vies 
oo*re6* ees 
ol*sor*sso*s 


og°e9e"Sse"h 


O6"86y SLL 





to*z16°28 
02*Lz9"S¢y 





£1°L80*000"t 
9r°09r *ci9"t 
v9°828*069°SI 
19°SLy*SlS*t 
g8°Li9*ges* hh 
tor isk *sse*L 
vL*abe vis s 
81°98r°990 “FL 
Sz°189°Sip's 
o9*ese Sie" 
se°age*2i9%e 
gf" iee*yea'y 


Ly ter*sic'h 
ve" 989*o19"t 
ly*sso*ple’2 


| e-eeiet 


2°eré 

6°BL i‘ 
broe't 
L°e6L*2 
6°1Ss2"t 
O°Zét"t 
o*lep*L 
£° 062 





ty 608 *twe 
11°989°8tr'2 
le°eeL *pee*] 


9°89 °28S °6 
B2"690'sot't 


9L°SSL*219 
SL°6r6* tet 


ig" 6r2*988 





te°2.6*¢ee 
Li*g6L*es9"t 


92°089'92r 
64°2e0"Ort 


90°92h*ely 
go*sda*sis*2 
19° \9E*Séer*s 


t8°0¢8 "sc" 
Or°966°S9L°S 





os *os8*s99 
BL ces *80¢ 
8v "090 “661 
9e°ez6e"sci*t 
iz*oo.*e8t 


13°90! *899 *y 
Be*o.e* t6e*t 
°L66°C1S*¢ 
Ov°8SL*Ov0'y 
06°SS2* lye 





13 *£90°6L8 
| 8S *.ze*oro*s 
| 99°694 ‘ery *y 


| 


yr-oco*frt 
LE*Vbb LSS 





vi°6eS “ose "tL 
9£°L99*ees*¢ 


sloarowd [seme | exuory av ce 


MIN YOd 
ATAVTIVAV 
aNnd div 
TWaddsd 
JO FONVTVE | 


“Thessuososa 
La°oLs Zhe 





NOILONALSNOD 
uO GAAOUddY SLOafoud 


L809 GALVWILISa] SATA 


LE*eet*y1S*L zZ 
vreise*9oe*eh 
L6*res* 268‘ ih 
Lt*v00"r0e “St 
L2°S8L*OrL'6 
48°S 19 "vS0°s 
LL°2v0 Sve 
02°824°200°6 
80°80 Les 





*966 "08S "t 


BS *y8t*6is 
of" ort ‘vos *2 


82°vlS "669"S 
94°160°216°S 
ve°2ge “8806 





16°8r6 “SEL "es 
bros? fre’ h 


Lé6t UVAA TVOSIA 


ge°oer*Lli‘t 
ve"SLL*Sso*t 


*oz4's 
Lo*eer*Bro't 


IS9°ees*sro*t 
81°190*e9r 


9z6r ‘oe ANOL 


AONIS CALATAWOD sLoafoud 


6°9S0"L 


| B*vit 2 


f*yes 
TH ICAT 
L°vel 


. . ‘ 
QIULLOTIY a WaId4i | LSOD CALVYWIISa| SATIN a 1Isood TVLOL SATIN 


vO°2eL 09S "tz 
6L°vie* ces *s 
94°666°6S4 ‘CL 


os*osi*s9e"t9 
2p°are*Lco*Lt 
go *°OS6*Lpe "a2 





CO°LBL* tLE* Lt 
gL‘ese*tco’s 
vE'LEe* LL b Ak 
Bile" V6 "LE 
ge°199* ere’. 


LLeLEE* vow ‘et 


BT BA[ASTUA 
~osemeeeoreeeee=* OBIIO) 


~~ BUOTETIO 


peg BOF YON 
~~ wuyorey WON 
——"—" OOKOJAL MONT 
~~~ asiaf MaNT 





lg*ere*seo's 10° Lor *Sre*ot 
L0°0Sr ‘ie *2 03°83 ‘266 'y 


63°rT6*OL LS 
23°202‘ply's 
68°99" ‘eer'S 
|98°vlo*gez ‘et 
Ob ves *v ip 2 
g9°9tt*sec*st 
of°e90*z2e* th 
29°092°1S9"9 
22° 166 *2iL*s 
6£°L08 *26L*y 
66°6EL' yb 4°9 





OL*a2or*9z6* it 
6ieg24*ali"s 
vL°S66'619*O8 
OL*att*ese's 
g8°zt2"Prso* tt 
areor yea" 
09°999" 18L°L 
08°S8S *OOt 

gl*ese*zzi*e 
of*2es coos 
of°B869"999"2 
af° eLL° *¢98" ‘g 


GIy Tvaaaaa 





tS°96L°asstL 
29° Lov *ers* tt 
ba°ce6*oor th 
6°991°686'82 
9°880'°Sr LOL 





¥ 
2-089 *era*s 


y9*¥06'906 "Et 
06°969 ‘evi ‘12 


1sod TVLOL 


9261 ‘I x1oOf 
OL AOMd AALATANOD sLOal[oud 


926T-LI6L SHUVHA TVOSIA 

































































LZ6L TE AUVONVE 
40 SV 


NOILONALSNOD AVMHSIH CIV TVaadaa AO SNIVIS 


savoad JITH#Ad AO NVANNA 
FANLTINWNASV AO LNAWLAVdad SALVIS CaLINA 





“= OSSTTAL 
od ISSISSTAL 





SALVLS 





zea Wyse 7 


So is . 
| aii 


ai 


emesenat | 


Loe 


ye 


he 


Shey 
Ud A Ty, 
SHeRe 


fehl 
tah ts - 


? bee Sh Ede 
ie * } 4 Py ee 


ay 
. i oe ieee ‘ Pad 
by c 


Hn oe 
Geta j presen tate 
a | 


i 


a 


ee 


ae 


eet 


= Sa 


an te 
See 
ae 
atateoa 


t i ; 
ini AKG 
ah ue 
viete tis 


yt 
eats 


th it H HH it) ihe 
Piceery Ot ‘i Hi {i Uy 
Bt i a ce ; ee 


feat ii fe 


ne 
ras ay 


ve 
Lege feat 
vet 


ite 


yess + oy i on 
Nile 


te 
# 


ral aM uy 
it Le in he a 


Lay bette 

wnt qe HH Telfey 
aay i 
ieee 


sai 
. 


an 


wae 
at K 


a 


crite fj 
rts 

ae a 
iG 


a A 


a 
tee Ns 
o te ae 
ite di GA Ei 
Haat Miia reine 


~2S2 >> 
= 


ly ist! A 
eta ai 
A Tog ¢ ey) 


tae Set ; 


eet aee 
mi . ; 


VR CL ANH FU hing os 
Aree jh 


bee 


Hs 
Maat wat bid ATC 


a 
wy 
tit 4) 


te ae 
Wit 


TN 


ait Mit 
a : 


yy ne 
aero Hil { 
‘h Hi 


itt 


m i i 
i 


7 


} 
DL oo 
Aaa Sai: 


‘ i 1) He 
a “it fit ce 
Us 


lng i 
. ee ¥ 
Lyd 
ie ha 
ify th 
wt 
(| 


AAA 


fl Hit i Hit i at 


Ha ae 


Hey 
i i Uline: 
Ht 


epee 

We a} 

i sti 

ha Hit t 

Renee 
et ti Tran tt 

ty fatal! Shi 

tit Peet if tin 

PN act ate es 

Per EG Mann a 


i 
deta 


oo 


seat} (| Ui abe 
Wy i ih 


hit 


A Akt Hy Vineet 
i 


STAs bi ay 
f ; 


Lea) 
int 


Pee 
Rene al bee tte 
ep ta § 
1H 


Uibse 
Wer 
7? vl 


ipariat 


it 
Fereatey 





